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STUDY OF PRIMARY CILIA IN EARLY DEVELOPMENT, PHARMACOLOGY, AND 
BRAINWAVE ACTIVITY 
By 
Matthew Roderick Strobel 
University of New Hampshire, September 2021 
 
ABSTRACT 
 The primary cilium is a unique cellular organelle that emanates from the mother 
centriole and extends out of the plasma membrane of nearly every mammalian cell. 
While originally believed to be a vestigial appendage, the cilium is now known to be a 
signaling hub where various intercellular communication pathways intersect to regulate 
morphogenesis, proliferation, polarity, differentiation, and homeostasis. Due to their 
importance in regulating cellular functions the cilium has become a growing focus of 
biomedical research as it has been linked to at least 35 human developmental disorders 
which have been termed ciliopathies. In the nervous system, primary cilia regulate many 
neuronal functions including sensory perception, energy balance, neurodevelopment, 
and adult neurogenesis. In recent years ciliary genes have been implicated in major 
depressive disorder, autism spectrum disorder Alzheimer’s disease, and Parkinsons 
disease. Although the mechanisms of action of primary cilia in these afflictions are not 
yet fully understood, they are strongly implicated in human health and are emerging as 
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a potential drug targets to develop novel treatments for individuals suffering from these 
diseases.  
 In this study I first examined the cause of neonatal death in a transgenic mouse 
model for major depressive disorder (MDD) where the ciliary gene AC3 was 
conventionally knocked out to assess its validity in developmental and depression 
research. I found that the cause of death was anosmia-induced starvation and was not 
caused developmental defects. I next evaluated the impact of selective serotonin 
reuptake inhibitors (SSRIs) on cilia morphology to determine if neuronal primary cilia are 
a previously undocumented target of anti-depressant treatments. I found that neuronal 
primary cilia are sensitive to some SSRIs as well as other medications, and that these 
drugs can significantly alter cilia length. I also investigated the impact that knocking-out 
IFT88, a gene essential for ciliogenesis, has on sleep patterning and cortical EEG 
activity. I found that ablation of primary cilia (in the IFT88 KO mice) disrupts sleep 
cycles, reduces power of the EEG waveform, and impairs theta-gamma phase-










PROJECT AIMS AND HYPOTHESIS 
This thesis encompasses three projects, and the aims are summarized here.  
Project I: Characterize the cause of death in conventional AC3 KO mouse pups. 
  Through human genome-wide association studies AC3 has been identified as a 
candidate gene for MDD and may play an important role in both understanding and 
treating this disease. To explicate the role of AC3 in human major depression, a 
conventional knockout mouse model of AC3 has been found to manifest many 
depression-like phenotypes. While this model does show potential as a model for 
studying MDD, many AC3 -/- mice die soon after birth, which is not a symptom 
observed in humans. In this study I sought to identify the developmental defect that 
causes neonatal death in order to verify that this lethal defect was not also the cause of 
depression-like phenotypes in AC3 -/- mice. The objectives of the project were 
accomplished through the following specific aims. 
Aim 1: Identify the cause of neonatal death in AC3 -/- muse pups. 
I hypothesized that a conventional knockout of AC3 was causing olfactory dysfunction 
and that the pups were dying due to anosmia induced starvation.  
Aim 2: Screen deceased pups for congenital abnormalities 
I hypothesized that AC3 ablation would not cause additional birth defects caused by 




Project II: Pharmacological study of primary cilia  
 Primary cilia were initially described as the cellular antenna responsible for 
receiving inbound signals to the cell. However, our understanding of their functions has 
progressed and we now recognize they act as a central processing unit with the ability 
to interpret multiple extracellular signals before coordinating a response to the interior of 
the cell. Exerting these functions requires a host of different proteins and receptors 
which are localized to both the interior of the cilia and its outer membrane. These ciliary 
receptors represent potentially valuable drug targets depending on the specific 
physiological function they regulate. However, performing pharmacological experiments 
to uncover the relevancy of these receptors can be challenging. Currently most 
biomedical ciliary research is performed in kidney or epithelial-derived cell lines or are 
performed in-vivo in mice. These practices introduce two problems: (i) kidney or other 
dividing cell lines may not be an accurate model for studying neuronal primary cilia; (ii) 
many labs do not have access to animal facilities that are necessary for in-vivo studies. 
To overcome these issues I have screened several commercially available cell lines to 
identify a line that is more appropriate for neuroscience research while still being easily 
attainable for academic labs. This will provide a cellular model to study neuronal primary 
cilia. Additionally I have utilized these cells to screen several common pharmaceuticals, 
including selective serotonin reuptake inhibitors (SSRIs), to examine if ciliary 
morphology or ciliary receptors may be an off-target subject for these agents. The 
mechanisms of actions of these drugs are not yet fully known and identifying their effect 
on cilia may aid researchers in developing future therapeutics. The goals of the project 
were accomplished through the following specific aims.  
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Aim 1: Identify a model cell line for neuroscience research. 
I hypothesized that SH-5YSY and PC-12 cell lines can be used as a cell model to study 
neuronal primary cilia. 
Aim 2: Investigate if primary cilia are sensitive to antidepressant treatment and other 
common pharmaceuticals. 
I hypothesized that neuronal cilia morphology would be affected by pharmaceutical 
treatment. 
Project III: Evaluate the impact of primary cilia ablation on sleep patterning and 
cortical EEG activity.  
 Traditionally primary cilia have been significant in neuroscience for their role in 
neurodevelopment where they regulate neurogenesis and differentiation through 
several canonical signaling pathways. Disruptions of these pathways impairs 
neurodevelopment and causes cognitive dysfunction, mental retardation, and memory 
impairment which are identifying characteristics of several well-documented ciliopathies. 
In more recent years a growing body of research has been published implicating ciliary 
genes in major depressive disorder, autism spectrum disorder, Alzheimer’s disease, 
and Parkinson’s disease. These links between primary cilia and commonplace 
neurological conditions indicates a more intimate relationship between primary cilia and 
neuronal function than was previously understood. To advance our fundamental 
understanding of how primary cilia influence basal neuronal function I, together with 
Liyan Qiu, have performed 24-hour EEG/EMG recordings of a conditional mouse model 
where primary cilia have been ablated after adolescence by knocking-out IFT88, a 
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protein essential for ciliogenesis. I then analyzed these recordings to observe sleep 
patterns, which are known to be altered in depression patients and AC3 KO mice, to 
see if primary cilia ablation has a similar effect on sleep. EEG data was also analyzed 
for disruptions in phase-amplitude coupling which could be the underlying cause for 
memory impairment which has been observed in IFT88 KO mice. The goals of the 
project were accomplished through the following specific aims. 
Aim 1: Identify if ablation of primary cilia in IFT88 conditional knockout mice alters sleep 
patterns. 
I hypothesized that ablation of primary cilia would reduce neural activity, resulting in 
altered wake/sleep patterns.  
Aim 2: Characterize EEG waveform activity of IFT88 conditional knockout mice. 
I hypothesized that ablation of primary cilia would attenuate electrical brain wave power 








Chapter 1: Adenylyl Cyclase 3 In Early Mouse Development 
ABSTRACT 
Primary cilia are microtubule based cellular organelles that protrude from the 
plasma membrane of almost all mammalian cells and are essential for development. 
Serving as the cellular antenna it is responsible for receiving and transducing many 
important developmental and homeostatic pathways including Sonic hedgehog, Wnt, 
Notch, and mTOR. Due to its importance in these pathways, mutations in ciliary genes 
can adversely affect human development and cause a class of syndromic disorders 
known as ciliopathies. The protein adenylyl cyclase 3 (AC3) which is predominantly 
expressed in neuronal primary cilia has recently been found to impact human health as 
it has been linked to major depressive disorder (MDD), obesity, and autism through 
genome-wide association studies. While the link between AC3 and MDD is not yet 
understood a conventional AC3 knockout mouse line has been developed to help 
elucidate the relationship. However, mice homozygous for the knockout die soon after 
birth which may impact the validity of the results as neonatal death is not observed in 
humans with AC3 deficiencies. In this study I have evaluated the homozygous AC3 
knockout mice and found and their feeding ability is impaired by anosmia, leading to 
malnourishment, dehydration, and ultimately death. Additionally, I performed necropsies 
to examine if AC3 knockout pups had birth defects caused by the disruption of ciliary 






The primary cilium is a microtubule-based organelle found on the plasma 
membrane of almost all mammalian cells (Goetz and Anderson, 2010). However, their 
evolution predates mammals as primary cilia have been observed in the six non-
mammalian classes of Agnatha, Elasmobranchii, Amphibia, Teleostei, Reptilia and Aves 
(Colin and Colin 2004). With an average length of 3-10µm they are visible with a 
microscope and were first observed in 1898 on kidney epithelial cells (Zimmerman, 
1898). Further microscopy work identified that primary cilia are internally composed of a 
structure of nine microtubule doublets composed of tubulin that emanate from the 
centriole after it docks to the plasma membrane (Mola-Herman et al., 2010).  
The cilium can be broken down into several unique subdomains. At the base is 
the ciliary pocket where the cellular membrane is depressed slightly by the anchoring of 
Figure 1.1: The structure of primary cilia. 
Primary cilia are a membrane bound 
organelle found on the surface of 
mammalian cells that are characterized by a 
central axoneme composed of 9 microtubule 
doublets that extend from the centrosome. 
They are unique in that they are isolated 
from the cellular cytosol via a transition zone 
that requires active transport to cross. While 
the ciliary membrane is contiguous with the 
cellular membrane it has a unique lipid 
composition that is used to identify the 
cilium and localize proteins that are integral 
to cellular proliferation and the Sonic 
hedgehog signaling pathway. Figure 
generated using biorender.com. 
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the basal body via transition fibers. This ciliary pocket is also important for vesicular 
trafficking during ciliogenesis (Benmerah, 2013; Ghossoub et al., 2011). At the proximal 
end of the cilium is the transition zone (TZ) which is characterized by a series of y-links 
that bridge between the plasma membrane and the axonemal microtubules. This region 
is also known as the “ciliary gate” as it forms a physical barrier preventing diffusion of 
cytosolic proteins into the ciliary compartment. For proteins to pass through this region 
they must be actively transported via the MKS complex and BBSome to the interior of 
the cilium (Jin et al. 2010). Once in the interior, protein cargo is chaperoned by 
intraflagellar transport (IFT) proteins which can link the cargo to kinesin-2 motor proteins 
for anterograde transport to the tip of the cilium. Or protein cargo can be linked to 
cytoplasmic dynein 2/1b motor protein for retrograde transport back to the cilium base 
(Piperno and Mead, 1997). The ciliary transition zone not only represents a barrier 
between the ciliary and cellular cytosolic domains but is also where the plasma 
membrane begins to differentiate. The TZ is rich in the enzyme inositol polyphosphate-
5-phosphatase E (INPP5E) which hydrolyzes PI(4,5)P3 and PI(4,5)P2 to form the lipid 
PI(4)P (Garcia-Gonzalo et al., 2015). Once formed, PI(4)P is integrated into the ciliary 
plasma membrane where it is used to localize proteins necessary for ciliogenesis and 
Sonic hedgehog signaling (Dyson et al., 2017; Chavez et al., 2015).  
 Ciliogenesis and cell division are mutually exclusive processes in vertebrates due 
to the shared use of the centriole which must detach from the plasma membrane to 
form the mitotic spindle during cell division (Nigg and Stearns, 2011). For the mother 
centriole to be released from the plasma membrane it must fully dismantle the ciliary 
axoneme. Because the microtubules that compose the axoneme are in a state of 
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dynamic equilibrium during quiescence, to begin the process of resorption the cell must 
tip the balance of anterograde and retrograde intraflagellar transport. This begins during 
the transition from the G1 to S cell phase when F-actin polymerization activates the 
YAP/TAZ pathway which in turn activates AuroraA kinase (AurA) (Kim et al., 2014). 
AurA phosphorylates Inpp5e to modulate its 5-phosphatase activity, altering its affinity 
for binding partners (Humbert et al., 2012). This results in an accumulation of additional 
F-actin in the ciliary tip which obstructs stable microtubule formation and ultimately 
leads to the decapitation of the distal ciliary tip (Phua et al., 2017). Concurrently with 
this process AurA also phosphorylates histone deacetylase 6 (HDAC6) which 
deacetylates tubulin, causing further destabilization of axonemal microtubules 
(Pugacheva et al., 2007). The ubiquitin-proteasome system (UPS) is also upregulated 
during ciliary resorption and specifically targets the structural proteins α-tubulin and 
polycystin-2/PKD-2 for ubiquitination (Huang et al., 2009). Combined, these systems of 
decapitation, deacetylation, and ubiquitination destabilize the dynamic balance between 
anterograde and retrograde intraflagellar transport. Ultimately resulting in the resorption 
of the axoneme, the release of the centrosome, and entry into mitosis.  
To begin ciliogenesis upon exiting the cell cycle microRNA miR-129-3p is 
produced which inhibits the formation of actin nucleation-promoting proteins such as the 
ARP2/3 complex and cortacin. This reduces F-actin activity which in turn prevents AurA 
from phosphorylating Inpp5e and HDAC6. Silencing the pathways that lead to 
microtubule destabilization (Bershteyn et al. 2010; Cao et al. 2012). During the G0 cell 
phase the two mitotic promoting proteins NDE1 and Tricho are ubiquitinated which 
allows for the BBSome to transport the ciliary TZ component RPGRIP1L to the basal 
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body prior to the establishment of the IFT system (Gerhardt et al., 2015). At this time the 
kinase GSK3B suppresses the TSC1/2 complex allowing for mTOR1 upregulation which 
is a positive regulator of ciliogenesis in mammalian cells (Jin et al., 2015). mTOR 
signaling may also couple ciliary mechanosensation with global regulation of cell 
growth, an indication that the cell has entered quiescence and an additional promotor of 
ciliogenesis. This is supported by observations that fluid flow past renal cilia triggers 
signaling from the ciliary serine/threonine kinase LKB1 which inhibits both mTORC1 
activity and cellular growth (Boehlke et al., 2010). Collectively this miRNA activity 
coupled with mTOR signaling promotes ciliogenesis and results in the establishment of 
the TZ followed by axonemal growth.  
In addition to its role in regulating the cell cycle the primary cilium also acts as an 
antenna for numerous developmental and homeostatic signaling pathways including 
Sonic hedgehog (Shh), Wnt, Notch, Hippo, GPCR, PDGF, mTOR, and TGF-Beta 
signaling (Wheway et al., 2018). The Shh signaling pathway is of particular interest to 
neuroscientists as it directs neuronal differentiation, spatial patterning of the 
neuroepithelium, axonal development of the neural network, general neuronal function 
(Ferent and Traiffort 2014). Any mutations in this pathway can have a downstream 
cascading affect that disrupts spatial neural patterning, hippocampal neurogenesis, can 
cause cerebellar hypoplasia, and retard neural tube development.  
In the unstimulated state, the 12 transmembrane domain receptor PTCH1 is 
localized to the cilium membrane where it represses the GPCR SMO and excludes it 
from the cilium. In this state Gli transcription factors are localized to the distal tip of the 
cilium where they are sequestered and silenced by the SuFu complex (Zheng et al., 
6 
 
2010). The binding of the ligand Shh to PTCH1 causes PTCH1 to translocate outside of 
the cilium, relieving the repression of SMO and allowing SMO to traverse the ciliary 
transition zone and incorporate into the ciliary membrane (Corbit et al., 2005; Rohatgi et 
al., 2007). The exact mechanism of action driving this interaction between PTCH1 and 
SMO remains unknown, as the two receptors have been proven to have no physical 
interactions with each other even though PTCH1 has been proven inhibit SMO 
catalytically rather than stoichiometrically (Davies and Chen, 2000, Taipale at al., 2002). 
Notably, this PTCH1-SMO interaction is the most frequently damaged step in the 
Hedgehog-driven cancers medulloblastoma (MB) and basal cell carcinoma (BCC) 
(Mukhopadhyay and Rohatgi, 2014). After entering the cilium SMO suppresses SuFu 
allowing GLI transcription factors to be released. They are then post-translationally 
modified before being transported outside of the cilium to target genes involved with 
Shh signaling (e.g., PTCH1, GLI1), proliferation (e.g., cyclin D1, MYC), and apoptosis 
(e.g., Bcl-2) (Scales and de Sauvage, 2009; Sasai and Briscoe, 2012).  
More recent studies have uncovered an additional receptor that is integral to Shh 
signaling, the GPCR GPR161. This receptor was uncovered after a screen for GPCRs 
expressed in early development identified GPR161 and it was also found to be 
predominately expressed in the nervous system primary cilia after mid-gestation. 
(Mukhopadhyay et al., 2013). Prior to this research it had been uncovered that the 
Tulp3/IFT-A protein transport complex was necessary for Shh suppression, and that 
ablation of this complex affected the kinase PKA (Norman et al., 2009). Scientists 
hypothesized that there must be an unknown receptor acting as an intermediate 
between Tulp3/IFTA and PKA, most likely an orphan GPCR based off the PKA 
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interaction. It is now understood that Tulp3/IFT-A are necessary for transporting 
GPR161 to the basal body for entry into the ciliary compartment. Once in the cilium 
GPR161 localizes to the ciliary membrane where it constitutively activates adenylyl 
cyclase’s causing a rise in ciliary cAMP. This in turn activates PKA which converts the 
GLI3 transcription factor into the GLI3R repressor molecule which silences Shh activity 
independently of the Smo/PTCH1 pathway. Suppression of the GPR161 pathway leads 
to an increase in Shh activity in the neural tube causing mid-gestation lethality in 50% of 
knockout mice due to lumbar-sacral spina bifida, extensive craniofacial abnormalities, 
and often open forebrain/midbrain regions (Mukhopadhyay et al., 2013). 
Wnt signaling is another major developmental pathway, however, its relation to 
primary cilia is less understood and somewhat controversial with some data showing 
that primary cilia are necessary for Wnt signaling, while other research disputes this. 
Studies in Zebrafish found that ablation of IFT and therefore cilia did not disrupt Wnt 
signaling (Huang and Shier, 2009). IFT mutant mice also show normal expression of 
Wnt targets and respond normally to Wnt ligands in culture (Ocbina et al., 2009). 
Similarly, normal canonical Wnt signaling was observed in mice lacking the NPHP2 
gene, which causes the degenerative ciliopathy nephronophthisis (Sugiyama et al., 
2011). 
 Conversely, several older studies previously observed that disruption of 
ciliary genes aberrantly activates canonical Wnt signaling and impedes non-canonical 
Wnt signaling (Lin et al., 2003; Cano et al., 2004; Ross et al., 2005; Simons et al., 2005; 
Gerdes et al., 2007; Corbit et al., 2008). Ciliary ablation in adult-born dentate granule 
cells in the hippocampus has also been shown to aberrantly activate canonical Wnt 
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signaling resulting in reduced dendritic development and defects in synapse formation 
(Kumamoto et al., 2012). Mutations in several ciliopathy linked genes have also been 
found to de-regulate canonical Wnt signaling in the forebrain of mice (Abdelhamed et 
al., 2013; Wheway et al., 2013). However, deletion of APC was found to cause radial 
progenitor malformation in the cerebral cortex and deregulated canonical Wnt signaling 
but did not result in a loss of primary cilia (Nakagawa et al., 2017). This suggests that 
the interaction between primary cilia and Wnt signaling may be spatially and temporally 
dependent however more thorough studies will have to be undertaken to elucidate the 
ciliary-Wnt relationship.  
Of more recent clinical significance is how the mammalian target of rapamycin 
(mTOR) signaling pathway acts through the primary cilium. mTOR is a serine/threonine 
kinase that is necessary for autophagy, lipid synthesis, and protein translation (Lipton 
and Sahin, 2014). The ciliary protein polycystin-1 (PKD1), which is mutated in 
individuals suffering from polycystic kidney disease (PKD), has been shown to interact 
with the mTOR inhibitor TSC2 (Shillingford et al., 2006). This research was supported 
by further studies that found that PKD patients with ciliary mutations had dysfunctional 
mTOR signaling in their kidney epithelial cells (Wahl et al., 2006). It is currently believed 
that when fluid flow bends cilia in the kidneys it causes AMPK kinase to upregulate 
mTOR signaling to promote autophagy and limit cell size growth. When ciliary genes 
contain mutations that render them insensitive to fluid flow mTOR signaling is silenced, 
reducing autophagy and leading to kidney tubular cell hypertrophy and cystogenesis 
(Bell et al., 2011).  While there is currently no cure for PKD and a limited number of 
treatments to retard the progression of the disease, treatment with rapamycin has been 
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seen to induce apoptosis of cystic cells and reverse cystogenesis in some individuals 
(Shillingford et al., 2006). These findings are significant because while individual 
ciliopathies are rare, kidney disease is common among many of them and represents a 
significant burden on human health. If further research can expand our knowledge on 
the mTOR-PKD relationship it may yield treatments for renal cystogenesis that 
significantly improve a patient’s quality of life. 
Additionally, mTOR signaling has been found to interact with ciliary proteins in 
the brain where it is essential for neuronal migration, differentiation, and synaptic 
formation during brain development (Saxton and Sabatini, 2017). Under normal 
conditions when the cilia are resorbed for neurogenesis oral facial digital syndrome 1 
(OFD1) is localized to the centriole to suppress ciliogenesis. Meanwhile, KIF20 is 
sequestered by the autophagosome marker ATG5, marking it for degradation via the 
lysosome. When the cell is at quiescence under normal conditions and a cilium is 
present KIF20 is recruited as a part of the intraflagellar transport system and OFD1 is 
sequestered into an autophagosome by ATG5 for degradation (Tang et al., 2013). 
Mutations in IFT88, IFT20, OFD1, or the mTOR inhibitory TSC complex can disrupt this 
normal cycle leading to aberrant mTOR signaling which has been seen to cause 
enlarged apical domains of radial glial cells and focal malformations of cortical 
developments (FMCDs), such as hemimegalencephaly and focal cortical dysplasia (Lim 
and Crino, 2013; Park et al., 2018). These developmental disorders are highly 
associated with individuals with intractable epilepsy, autism spectrum disorder (ASD), 
and in some ciliopathies (Wegiel et al., 2010). While mTOR signaling has been proven 
as a potential therapeutic target, due its complex interaction with numerous ciliary 
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proteins further mechanism studies will be needed to evaluate its potential for patients 
with neurological disorders.  
This clinical interest is not limited to the mTOR signaling pathway as primary cilia 
are becoming a rapidly expanding area of biomedical research. In a 15 year span our 
understanding of the number of genes required for normal cilium structure and function 
has increased from 1,000 to almost 1,800 genes (Nonake et al., 1999; Wheway et al., 
2015). In less than 10 years the number of genes confirmed to be linked to ciliopathies 
has grown from 40 to 187, and at least an additional 241 have been identified as 
candidate ciliopathy related genes (Gerdes et al., 2009; Reiter and Lerou, 2017). We 
used to believe that ciliopathies were rare developmental diseases such Joubert 
syndrome and Meckel-Gruber syndrome (Mougou-Zerelli et al., 2009). However we now 
understand that the molecular pathways of primary cilia are prevalent in every organ 
system and can cause much more common ailments such as obesity, infertility, 
depression, polycystic kidney disease, and skeletal dysplasia (Pazour et al., 2000; Chen 
et al., 2016). With many more conditions being evaluated for their ties to the cilium, 
such as autism spectrum disorder, Alzheimer’s disease, and Parkinson’s disease 
(Armato et al., 2012; Trulioff et al., 2017; Bae et al., 2019). Despite our rapid growth of 
interest and investment to this field our knowledge of ciliopathies is far from complete 
with new clinical phenotypes still being described and the molecular mechanisms of 
action for many of these new candidate ciliopathies remaining a mystery. 
Cilia can be subdivided into 3 classes motile, non-motile (primary), and modified 
sensory cilia (olfactory and photoreceptor cells), and all three can be affected by 
ciliopathies. As the number of genes, number of ciliopathies, and our understanding of 
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the underlying mechanisms continue to grow scientists have had to come up with a 
classification scheme to organize these conditions. The first stratification is between first 
and second-order ciliopathies. A first-order ciliopathy is a disease that is caused by a 
protein which predominantly localizes to and functions within the basal body or the 
ciliary compartment. An example of this is the protein EFHC1 which causes the first-
order ciliopathy juvenile myoclonic epilepsy (JME). EFHC1 is tightly bound to the basal 
body where it organizes microtubules. But in JME mutations alter its function causing 
EFHC1 to impair mitotic spindle organization, disrupting radial and tangential migration 
by affecting the morphology of radial glia and migrating neurons (Nijs et al., 2012). 
Second-order ciliopathies are diseases caused by proteins that are not localized to cilia 
but do play a part in cilium formation or signaling. Primary ciliary dyskinesia (PCD) is an 
example of a second-order ciliopathy as it can be caused by mutations in proteins that 
normally reside in the cellular cytosol but are necessary in dynein arm formation 
(Knowles and Zariwala 2016). Additionally, ciliary disruptions that are caused by 
mutations in non-protein coding region are also classified as second-order ciliopathies. 
Such as mutations in the microRNA miR-129-3p that suppresses F-actin activity after 
mitosis to promote ciliogenesis (Bershteyn et al. 2010). 
The next distinguishment between ciliopathies is if they are a sensory or motility 
ciliopathy. Sensory ciliopathies are diseases caused by impairments to ciliary signaling. 
Joubert syndrome (JBST) is a sensory ciliopathy caused by mutations in TZ proteins the 
disrupt Shh and Wnt signaling. The disruptions caused to these pathways impairs 
neurogenesis leading to hindbrain malformation and cerebellar ataxia (Romani, 
Micalizz, and Valente, 2013). PCD is a motile ciliopathy that is caused by mutations that 
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ablate the outer dynein arms from the axonemal microtubule structure, eliminating the 
cilia’s ability to beat in a smooth rhythmic pattern. This typically leads to situs inversus, 
sinusitis, and bronchiectasis which in turn often cause recurrent sinopulmonary 
infections and subfertility (Meeks and Bush, 2000). By our current classification system 
PCD would be describes as a second-order motility ciliopathy.  
PCD is also often referred to as a classical ciliopathy as it was first characterized 
in 1936 by Kartagener and then in 1976 it was linked to dysfunction of motile cilia, well 
before the establishment of primary cilia as a major contributor to human health 
(Afzelius, 1976; Noone et al.,2004). In the 45 years since then the mechanisms and 
pathways between cytosolic proteins and motile dynein arms has been uncovered. 
However, with advancements in genetics and computer technology new ciliopathy 
candidate genes are continually being uncovered. One such new target is the ciliary 
adenylyl cyclase gene AC3 which has been identified as a candidate gene for major 
depressive disorder (MDD) in two independent genome-wide association studies (Wray 
et al., 2010; Yuen et al., 2017).  
The adenylyl cyclase’s are a class of 12-transmembrane domain enzymes that 
catalyze adenine triphosphate (ATP) into cAMP, a secondary messenger that is 
involved in the regulation of learning, memory, smooth muscle contraction, sensory 
function, development, and gene function (Pierre et al., 2009). In mammals 10 different 
adenylyl cyclase’s have been identified, with one being a soluble AC and the other 9 
being membrane bound and composed of two 6-transmembrane subunits. Each of 
these subunits has two catalytic binding sites, C1 for the agonist ligand forskolin, and 
C2 the binding site for G-proteins (Cooper and Karpen, 1995). The C2 site may be of 
13 
 
clinical importance in the future as some antidepressant treatments have the ability to 
induce cAMP signaling through stimulation of G-protein coupled receptors (Tabakoff 
and Hoffman, 2012). 
AC3 was originally described as the olfactory cyclase as northern blot analysis 
had limited sensitivity and could only detect AC3 in the olfactory epithelium (Bakalyar 
and Reed, 1990). Olfaction is initiated when chemical odorants bind to GPCR receptors 
on the membrane of olfactory cilia. This triggers the Gα subunit to catalyze guanosine 
diphosphate (GDP) into guanosine triphosphate (GTP) before dissociating from the 
Gβ/y complex. Gα then binds to the C2 catalytic site of AC3 resulting in a spike of cAMP 
production in the olfactory cilium which in turn activates cyclic nucleotide-gated (CNG) 
ion channels (Nakamura and Gold, 1987). The resulting influx of Na+ and Ca2+ ions 
depolarize the olfactory neuron, resulting in the firing of an action potential into the 
olfactory bulb where it is interpreted depending on the original odorant receptor that was 
triggered (Firestein, 2001). AC3 is the only AC that localizes to olfactory cilia, and even 
when ablated other ACs are not transported to the olfactory cilium to compensate. 
Because of this AC3 is essential for olfaction signal transduction and silencing of AC3 
causes anosmia (Wong et al., 2000).  
AC3 was continued to be studied for its role in olfaction until 2005 when the first 
commercially available AC3 immunohistochemistry antibodies were released by Santa 
Cruz Biotechnology. Upon staining AC3 was found to be expressed in primary cilia 
throughout the adult mouse brain, and while AC3 is expressed on some astrocytes and 
fibroblast cells it is predominantly localized to neuronal primary cilia (Bishop et al., 
2007). This finding opened a flood gate of curiosity and questions about what the role of 
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AC3 could be in neurons since they are not a dividing cell. One hypothesis is that they 
act in a similar but greatly reduced manner to how they operate in olfactory cilia, and 
that they may be receiving intercellular signals that can stimulate neuronal activity. This 
may also explain the human genetic evidence linking AC3 mutations to MDD as 
depression patients have been observed to have reduced EEG activity (Li et al., 2016). 
The clinical potential of this hypothesis cannot be ignored as approximately 17% of the 
US suffers from MDD and current treatments fail in as many as 50% of patients (Lepine 
and Lecrubier, 2001). However, many studies will have to be performed as the 
functional role of AC3 in neuronal primary cilia and the link between AC3 and MDD are 
not yet understood. This is partially due to the novelty of these discoveries but can also 
be contributed to the lack of genetic tolls currently available to study AC3. An AC3 
conventional knockout mouse line has been generated which shows reduced neural 
activity and depression like phenotypes, but, mice homozygous for the knockout die 
soon after birth (Chen et al., 2016). It was not known if these neonatal deaths were 
being caused by disruption in olfaction, or if ciliary ablation was disrupting Shh, Wnt, or 
other developmental pathways and causing internal birth defects which would 
undermine the validity of this mouse model. In this study I set out to uncover the cause 
of neonatal death in AC3 -/- mice pups, as well as identify if there were other birth 








AC3 -/- KO Mice survive to birth but have a high mortality rate within the first 4 hours.  
All AC3 -/- mice survive gestation but have a 50% mortality rate within the first 6 
hours, and a 97% mortality rate after 24 hours (Figure 1.2). There is no difference in 
mortality between AC3 heterozygous and AC3 wildtype mice. When removed via 
cesarean section at E18 AC3 -/- mice have an average body mass of 1132 mg and an 
average body length of 23.1 mm. This is not significantly different from WT mice which 
had an average mass of 1144 mg (p=.939) and a body length of 22.9 mm (.727) (Figure 
1.2). These similarities are maintained after birth at P0 where AC3 -/- mice had an 
average body mass 1298 mg which is not significantly different from AC3 wildtype mice 
that had an average body mass of 1295mg (p=.832). AC3 -/- newborn mice had an 
average body length of 23.8 mm which was not statistically different from their WT 
littermate’s average length of 23.1 mm (p=.913) (Figure 1.2). These findings indicate 
that AC3 ablation does not interrupt antenatal development and that AC3 -/- mice are 
alive at the time of birth.  
AC3 -/- pups show no signs of morphological defects caused by disruptions in 
developmental signaling pathways.  
P0 AC3 -/- pups and wildtype liter mates show no signs of microcephaly, occipital 
meningoencephalocele, micrognathia, or macrostomia that are indicators of Meckel-
Gruber syndrome at. They also show no signs of macrocephaly, prognathism, or cleft lip 
which are characteristic of Joubert syndrome and Orofaciodigital syndrome. AC3 -/- 
16 
 
pups also have normal limb and spinal development with no cases of kyphosis or 
polydactylism which are common when Shh signaling is disrupted (Figure 1.3). Two 
hours after birth AC3 -/- pups do not show any signs of cyanosis. Upon necropsy AC3 -
/- pups have normal lobulation patterning of the lungs and do not exhibit pulmonary 
hypoplasia. (Figure 1.4). AC3 -/- mouse pups and their wildtype liter mates show 
normal hippocampal development with no disruptions to the CA1, CA2, CA3 layers or 
the dentate gyrus. AC3 -/- mice have an average cellular density in the dentate gyrus of 
82 cells/um2 which is not statistically different from wildtype which had an average 
cellular density of 85 cells/um2 (Figure 1.5). These results illustrate that AC3 ablation 
does not disrupt classical developmental pathways as AC3 -/- pups do not show any 
physical malformations that commonly present themselves in ciliopathies.   
Ablation of AC3 which is known to induce anosmia, causes dehydration and starvation. 
 Milk spots can be seen in the stomachs of AC3 +/+ and +/- after feeding. Milk 
spots were not observed on AC3 -/- pups. After successive failed feedings AC3 -/- mice 
become cyanic and lethargic due to starvation. Additionally, their skin begins to tighten 
due to acute dehydration (Figure 1.6). These observations indicate that the inability to 
smell their mothers’ hormones is interfering with AC3 -/- mouse pups’ ability to feed, 







Figure 1.2: Mortality in AC3 -/- mouse pups. A. Ablation of AC3 causes neonatal 
death with a 97% mortality rate within the first 24 hours post birth. B. At embryonic day 
E18 AC3 -/- pups have an average mass of 1132mg and an average body length of 
23.1mm which is not significantly different from wildtype (p=.939 and 727 respectively). 
C. At P0 AC3 -/- pups have an average mass of 1298mg which is not significantly 
different than their +/+ littermates(p=832). P0 -/- pups have an average body length of 
23.8mm which is not statistically different than wildtype (p=.913). For E18 n= 5 -/-, 14 +/, 
and 11 +/+ embryos. For P0 analysis n= 6 -/-, 25 +/-, and 16 +/+ pups. Significance was 














Figure 1.3: AC3 ablation does not cause congenital abnormalities. A. AC3 -/- mice 
do not show signs of kyphosis, occipital meningoencephalocele, or macrocephaly 
(green arrows). B. An enlargement of the areas highlighted in A. Face and jaw 
formation is normal with no occurrences of micrognathia, macrostomia, or cleft lip 


























Figure 1.4: AC3 -/- pups do not suffer from respiratory ailments. A. After birth AC3 -
/- pups were not observed suffering from hyperpnea or cyanosis. B. Necropsy found 













Figure 1.5 AC3 -/- mice have normal hippocampal development. Ai. P0 AC3 -/- 
pups do not have any deformities in the CA1, 2, or 3 hippocampal layers, or dentate 
gyrus. Aii. A 40x magnification of the area highlighted in Ai. B. In the CA1 layer AC3 -/- 
pups have an average cell density of 82.5 cells/ µm2 which is not significantly different 
than wildtype mice that had an average density of 84.9 cells/µm2 (p=.748). n = 4 -/- and 
















Figure 1.6: Ablation of AC3, which is known to cause anosmia, impairs feeding. A. 
Milk spots are observable after feeding in AC3 +/+ and +/- pups but is not observed in 
AC3 -/- mice (green arrows). B. After consecutive feeding sessions AC3 -/- mice do not 




















Dysfunctions of primary cilia are responsible for a broad range of diseases in 
humans which have been termed ciliopathies. These conditions are typically associated 
with rare developmental syndromes that manifest themselves through physical 
malformations when ciliary localized signaling pathways are impaired. These pathways 
can be interrupted through mutations in a wide variety of ciliary genes but many of them 
occur in genes that are localized to the TZ as this zone regulates signal transduction 
into and out of the cilium (Reiter and Leroux, 2012; Garcia-Gonzalo and Reiter, 2012). 
Thanks to advances in the fields of molecular biology, genetics, and computer science 
our understanding of these diseases has grown greatly, but with every ciliary question 
that is solved, many more open. There are currently 428 ciliary genes which have been 
linked to human health in some capacity and that list continues to grow (Gerdes et al., 
2009).  
Of particular interest is the gene AC3 which is highly enriched in neuronal 
primary cilia (Chen et al., 2016). Recent studies have genetically associated AC3 with 
MDD, ASD, and depression (Wray et al., 2012; Stergiakouli et al., 2014; Yeun et al., 
2017). Despite these links to prominent human ailments little is still known about AC3 or 
how it is implicated in human health outside of the olfactory system where it has been 
studied for over 20 years. Here AC3 acts as a key enzyme, receiving Gα inputs from 
olfactory GPCRs and outputting cAMP. This cAMP accumulation triggers ion channels 
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to open, depolarizing the olfactory neuron and ultimately conveying a sense of smell to 
the brain (Firestein, 2001).  
It can be inferred that AC3 may work in a similar way in neuronal primary cilia, 
accepting G protein inputs to stimulate neurons, as there are over 2 dozen GPCRs that 
have been identified in neuronal cilia (Mykkyntyn and Askwith, 2017). However, studies 
must be performed to uncover the function of AC3 and how it is linked to human 
disease before any conclusions can be made. One tool that is used in these studies is a 
conventional AC3 knockout mouse model that was originally developed for the study of 
olfaction. In addition to anosmia this mouse model has been seen to display obesity, 
depression, and anxiety phenotypes but this research has been hampered by the fact 
that AC3 homozygous knockout mice die shortly after birth from unknown reasons. This 
also cast doubts on the validity of research using this model as it is not known if the 
results are due to the loss of AC3 specifically or are being caused by developmental 
malformations that are commonly seen in malformations.  
To address these concerns and advance our knowledge of neuronal primary 
signaling I have evaluated AC3 knockout mice to uncover the cause of neonatal death. 
My first observations were that AC3 -/- mice were dying post-birth and not pre-birth and 
did not develop occipital meningoencephalocele. This suggests that AC3 ablation is not 
causing death due to Meckel-Gruber Syndrome which is a rare but lethal ciliopathy that 
is caused by mutations in basal body trafficking and TZ genes (Parelkar et al., 2013). 
The skull and spine of AC3 -/- mice were further examined for morphological defects to 
confirm that they were not afflicted with any other ciliopathies that would complicate the 
interpretation of results attained using AC3 -/- mice. No signs of macrocephaly, 
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prognathism, or cleft palate were observed which are often symptoms of Joubert 
syndrome and Orofaciodigital syndrome. AC3 -/- pups also did not develop kyphosis or 
polydactylism which commonly occur when Shh signaling is disrupted, which is one of 
the most common causes of ciliopathies. To further eliminate the possibility that the 
phenotypes seen in AC3 -/- mice are caused by established ciliopathies I next examined 
internal structures. Upon necropsy the lungs were observed to have developed normally 
with no signs of situs in versus or lobal abnormalities which have been characterized in 
mouse lines where Shh genes have been knocked out. Additionally there was no 
indication of pulmonary hypoplasia which is the leading cause of death in patients 
diagnosed with Meckel-Gruber syndrome (Zakia et al., 2015). Brain development was 
also found to be unaffected with normal growth and patterning of the hippocampus 
which is often perturbed when Shh ablation impairs neurogenesis in the dentate gyrus 
(Lee and Gleeson 2010). Examination of the kidneys would have further bolstered our 
results as reduced kidney function is one of the most common side effects of 
ciliopathies. But, this could not be evaluated on P0 mouse pups due to equipment 
limitations as most signs of kidney deficiency do not manifest until a later age.  
Collectively these results illustrate that AC3 -/- neonatal pups do not suffer from 
any commonly documented ciliopathies. This is consistent with our current knowledge 
of ciliopathies as a majority are caused by mutations in genes that regulate 
developmental signaling pathways or occur in structural genes that destabilize the cilia. 
AC3 is not documented to be involved in cilia localized developmental signaling 
pathways (i.e. Shh, Wnt, Notch, Hippo, GPCR, PDGF, mTOR, TGF-Beta) and is not 
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fundamental in cilia structure as it is predominately expressed in the brain despite cilia 
being found throughout the body.  
I hypothesized that AC3 -/- mice were dying due to a lack of olfaction. This is 
based on the well-established body of literature that demonstrates the necessity of AC3 
in olfaction and that sense of smell and touch are the only two senses mice have at 
birth. Because the ears do not begin to open for two days and the eyes can take up to 
14 days to fully open newborn mice must rely on their sense of smell to detect their 
mothers’ hormones and find her nipples to feed. At this young age mice are very frail yet 
growing rapidly and must feed every 2 hours to survive (Brooks et al., 2012). My data 
collected in this study shows that AC3 -/- mice failed to feed, that the majority of 
neonatal pups are deceased within the first 6 hours after birth, and that mice lacking 
milk spots become lethargic and cyanic. This evidence supports our hypothesis that 
AC3 ablation causes anosmia-induced starvation and dehydration in the AC3 
conventional knockout mouse model. 
In conclusion, I have found AC3 -/- mice do not show any physical malformations 
indicative of impaired developmental signaling. And that the cause of death in 
homozygous knockout mice after birth is anosmia mediated dehydration and 
malnutrition. This data clarifies the cause of death in a AC3 conventional knockout 
mouse model which is already being used to advance the fields of neuroscience and 
human health. By elucidating that these mice are not dying from complications of 
advanced ciliopathies any results that are derived from using this mouse model can be 





Aim 1: Identify the cause of neonatal death in AC3 -/- muse pups. 
I have identified anosmia-induced starvation and dehydration as the cause of neonatal 
death in a conventional AC3 knockout mouse model.  
Aim 2: Screen deceased pups for physical birth defects caused by disruptions in AC3 
signaling. 
I found no gross internal or external physical malformations which are indicators of 














MATERIALS AND METHODS 
Embryonic harvesting 
Pregnant AC3 +/- mice were sedated on the 18th day of pregnancy with ketamine 
(2 units/mg) before being euthanized via transcranial perfusion. After death a 
laparotomy was performed to gain access to the uterus and remove the embryos. 
Slide preparation 
Mice pups were collected posthumously, and a tail sample was collected for 
genotyping. Pups were then fixed in 4% PFA for 24 hours followed by dehydration in 
30% sucrose for 24 hours. Whole pups were then flash frozen in OCT compound before 
being sectioned directly onto VWR Superfrost® slides using a Thermo Scientific ™ 
Shandon™ manual cryostat at a thickness of 50µm.  
Hematoxylin & Eosin Staining 
The procedure for staining whole pup slices was as follows: 1 minute submersion 
in 95% alcohol, 1 minute in 80% alcohol, 1 minute in tap water, 10 minutes in 
hematoxylin, 1 minute in tap water, submerge samples 3x in 0.3% acid alcohol solution, 
2 minutes in 0.1% sodium bicarbonate as a bluing reagent, 1 minute in 95% alcohol, 2 
minutes in Eosin Y alcoholic, 1 minute in 95% alcohol, 1 minute in 100% alcohol, 1 
minute in Xylene, 1 minute in new Xylene. Coverslips were then mounted using a 
Fischer Scientific Permount® and sealed using clear nail polish. Slides were imaged on 
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an Olympus IX81 inverted microscope with a 4x objective power and stitched together 
using Fiji (ImageJ).   
Data analysis 
All image analysis and cell counts were performed in Fiji (ImageJ) and statistical 
analysis was performed using JMP Pro 15. The unpaired students t-test was used to 
compare the means between groups using .05 as the significance cutoff. 
Scientific Rigor 
Four breeding pairs of AC3 knockout heterozygous mice were set up and 
monitored for litters. Over the course of the study 6 liters were collected for P0 analysis 
totaling 6 -/- pups, 25 +/- pups, and 16 +/+ pups. For embryonic analysis 4 breeding 
pairs were euthanized generating 5 -/- embryos, 14 +/- embryos, and 11 +/+ embryos. 
Mice were not genotyped for sex due to age.  
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Chapter 2: Pharmacological Study of Primary Cilia    
ABSTRACT 
 Primary cilia are small antenna like organelles that originate from the 
mother centriole of vertebrate cells and serve as a hub for various signaling pathways. 
Classically these cilia have been studied in dividing cells as primary cilia regulate the 
cell cycle and contain the machinery for several important developmental pathways 
including Shh, Wnt, and Notch. Aberrant ciliary signaling in these pathways disrupts cell 
polarity, proliferation, and differentiation which can cause numerous human diseases 
termed ciliopathies. Primary cilia are also found on non-dividing cells such as neurons 
however their function and relationship with these cells has yet to be fully elucidated 
despite research linking neuronal cilia genes to human diseases including depression, 
obesity, Alzheimer’s disease, Parkinson’s disease, and autism spectrum disorder. It is 
believed that these diseases are linked to neuronal ciliary localized proteins however 
current research has been limited by the inappropriate use of kidney, epithelial, and 
retinal cell lines to study ciliary signaling. These diving cell lines are not archetype 
models for studying ciliary signaling of non-diving cells like neurons where their function 
is not yet fully understood. Neuronal cilia are clinically significant because to date at 
least 30 GPCR receptors have been identified to localize in primary cilia. GPCRs 
represent the largest group of drug targets with 37% of all FDA approved drugs 
targeting them and those that have been identified in cilia may prove to be targets for 
the treatment of neurological disorders.  In this study I have evaluated several 
commercially available neuronal cell lines and have found that SH-SY5Y shows more 
natural neuronal ciliation patterns than human epithelial kidney cells which are 
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commonly used for cilia research. I then treated differentiated SH-SY5Y cells with 
common pharmaceuticals to evaluate if ciliary receptors may be an undocumented 
target and found that ciliogenesis can be pharmacologically modulated in non-dividing 
cells. Additionally, I found that treatment with selective serotonin reuptake inhibitors, the 
most common class of antidepressants, had a differential effect in non-dividing cells 
compared to diving cells. Sertraline, the antidepressant with the strongest effect in cell 
















The centrosome is a complex organelle composed of two centrioles that serve as 
the main microtubule-organizing center in Metazoan cells and helps influence the 
morphology of the microtubule skeleton as well as assembles the cilium from the older 
of the two centrioles (Bornes, 2002). This cilium can be classed as either motile, 
possessing the ability to beat or undulate. Or it can be classed as primary, which are 
stationary and immotile. While motile cilia have been observed throughout the 
Metazoan kingdom, primary cilium are unique to vertebrates and are most prominent in 
mammals where they populate nearly every cell type (Tyler, 1979; Garcia-Gonzalo and 
Reiter, 2012). In mammals the centrosome and primary cilium function together as a 
signaling hub that mediate important aspects of intracellular signaling, cell polarity, 
migration, and division. During the G1/S transition the mother centriole must fully 
disassemble the cilium before the cell can proceed to mitosis (Nigg and Stearns, 2011). 
This connection to cell division earned the cilium the nickname “keeper of the key to cell 
division” (Pan and Snell, 2007). 
The primary cilium is recognized by its antennae like shape which is underpinned 
by a microtubule-based structure called the “axoneme” which extends from the 
centriole. The axoneme has a 9+0 architecture where nine microtubule doublets form a 
ring shape pattern, and cross sectioning the doublets reveals that they are composed of 
two protofilaments. The first protofilament is composed of 13 α-tubulin dimers that form 
a complete ring while the second protofilament is composed of 10 β-tubulin dimers that 
do not form a complete ring but do bind to the α-tubulin protofilament forming a “8” 
shaped heterodimer. These α/β-tubulin heterodimers are stacked vertically with a 
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guanine nucleotide bound between each monomer to form the axoneme (Nogales et al., 
1999). The protofilaments have an inherent polarity due to their structure which causes 
the microtubule to be positively charged at the distal tip and negatively charged at the 
proximal end where it connects to the basal body (Reiter et al., 2012). These 
protofilaments are also used as tracks by the intraflagellar transport (IFT) system which 
is always in a dynamic but equipoise state where the axoneme is being both assembled 
and disassembled (Blacque et al., 2008). The workhorse of IFT is the IFT-train which 
resembles a freight train with an engine car at each end. The head of the train is a 
kinesin-2 motor protein which is connected via the IFTA subcomplex to the BBS protein 
complex, which contains the trains’ cargo of ciliary proteins. This cargo complex is then 
coupled at its rear via the IFTB complex to a dynein 2/1b motor protein that serves as 
the caboose at the rear of the train. For anterograde transport, the kinesin-2 motor 
protein attaches to the β-tubulin protofilaments to pull the train towards the distal tip. 
Upon reaching the tip, kinesin-2 releases from the microtubule and dynein 2/1b attaches 
to the α-tubulin protofilament to begin pulling the train in the reverse direction towards 
the base of the cilium. This spatial separation utilizing separate tracks prevents 
collisions between anterograde and retrograde trains allowing for uninterrupted 
transport of ciliary cargo (Lechtreck, 2015, Nakayama and Katoh, 2018). 
Prior to reaching the axoneme, ciliary proteins must traverse the transition zone 
(TZ) which acts as a ciliary gate and mediates what can enter the organelle. This 
process is unique because unlike the nucleus and mitochondria which have their own 
lipid membrane segregating them from the cytoplasm, the cilium’s membrane is 
contiguous with the cellular membrane and does not isolate it from the cellular cytosol 
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(Inoue, 2013). Instead NPHP, MKS, and JBTS proteins form Y-shaped linker molecules 
that anchor the microtubules to the ciliary membrane at the base of the axoneme. The 
density and patterning of these fibers forms a “molecular sieve” that blocks cytosolic 
diffusion of proteins over 50kDa in size from entering the ciliary compartment (Breslow 
et al., 2013). This allows ions and small molecules to freely flow into and out of the 
cilium but larger proteins require active transport through the ciliary pore complex (CPC) 
which is composed of NUP62 nucleoporins (Figure 2.1). NUP62 is similar to 
nucleoporins that compose the nuclear pore complex however it lacks a transmembrane 
domain and nuclear cassette that are customary of nucleoporins, this structural 
discovery was not unexpected though as the cilium lacks a membrane at its basal end 
and NUP62 anchors to transitionary fibers not a plasma membrane (Lee et al., 2012). 
Once ciliary bound proteins are localized outside of the CPC they are gathered up by 
IFT proteins and KIF17, which has been found to contain a ciliary localization motif that 
flags it for collection by importin-β2. Once bound by both KIF17 and importin-β2 the 
cargo is guided through NUP62, relying on a RanGTP/GDP gradient that is maintained 
within the nucleoporin to guide the direction of transport (Dishinger et al., 2010).  
Figure 2.1: The ciliary 
transition zone. At the base of 
the axoneme NPHP, MKS, and 
JBTS form Y-link fibers that 
secure the microtubules to the 
plasma membrane. These fibers 
exclude proteins larger than 
50kDa from diffusing into the 
cilium axoneme. Proteins larger 
than 50kDa must be actively 
transported by Importin through 
NUP62 nucleoporin gates.  
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While studying the transition zone scientists made the unexpected discovery that 
vertebrate Sonic hedgehog (Shh) signaling is mediated by IFT within the primary cilium. 
Upon ablation of IFT172, IFT88, or KIF3a it was found the Shh signaling was greatly 
attenuated and downstream targets of Shh were no longer expressed (Huangfu et al., 
2003). Further research revealed that under resting conditions the G protein-coupled 
receptors (GPCRs) PTCH1 and GPR161 localize to the ciliary membrane. The ligand 
for GPR161 is constitutively produced and the cAMP signaling cascade triggered by 
GPR161 causes the protein complex SUFU to sequester GLI transcription factors in the 
ciliary tip (Niewiadomski et al., 2013). Upon translation the Shh ligand binds to PTCH1 
allowing it to translocate to the cellular cytosol. Removal of PTCH1 allows the GPCR 
SMO to localize to the ciliary membrane where it suppresses GPR16. Inactivation of this 
receptor interrupts cAMP signaling and leads to SUFU releasing GLI1A from the ciliary 
tip where it will then be transported via IFT25 to the basal body before making its way to 
the nucleus to upregulate developmental genes (Huangfu and Anderson, 2005; Keady 
et al., 2012; Briscoe and Therond, 2013). These discoveries transformed our 
understanding of primary cilia as they revealed that the organelle is not only a passive 
appendage that aids the centrosome in directing cell division, but that the cilium is an 
active director of cellular processes essential for life. Further research into the cilium 
soon uncovered that it is a bioactive nexus of intracellular signaling with not only 
Hedgehog, but also WNT, Notch, HIPPO, PDGF, and mTOR signaling localized to its 
ciliary domain. Through the orchestration of these signals the cilium regulates many key 
developmental and homeostatic pathways including those used in cell polarity, 
proliferation, migration, differentiation, morphogenesis, autophagy, and apoptosis. 
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(Schneider et al., 2005; Simons et al., 2005; Goetz and Anderson, 2010; Ezratty et al., 
2011).  
While these many signaling pathways are incredibly diverse and require 
numerous components working in harmony to operate appropriately, one similarity 
between many of them is their utilization of membrane bound GPCRs to initiate their 
signaling cascade. GPCRs are the largest and most diverse group of membrane bound 
receptors in eukaryotes and bioinformatic analysis estimates that the human genome 
encodes for between 800-950 unique GPCRs (Takeda et al., 2002). Around half of 
these receptors have been found to be involved in functions that mediate olfaction 
(>400), taste (~33), light perception (~10) and pheromone signaling (~5) (Mombaerts 
2004). Of the remaining non-sensory GPCRs, 150 have been termed “orphan GPCRs” 
because their natural ligand remains a mystery (Tang et al., 2012). Of the remaining 
370 known GPCRs at least 90% have been found to be expressed in the brain where 
they mediate many different signaling pathways to regulate physiological processes 
including development, neurogenesis, and homeostasis (Heng et al., 2013; Rask-
Andersen et al., 2014; Alexander et al., 2017). These receptors are also valuable to field 
of human health as their structural diversity allows for highly specific drugs to be 
developed with few off target effectors. Currently 475 FDA approved drugs list GPCRs 
as their target, accounting for 34% of all FDA drugs and making them the single largest 
class of drug targets (Hauser et al., 2017).  
Due to the functional diversity of GPCRs there is little conservation of amino acid 
sequence across the family and they can range from 300-880 residues in length. 
Despite their variability in sequence homology all GPCRs share a common structure 
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and are composed of: an extracellular amino terminus with a catalytic domain for their 
respective ligand, seven transmembrane spanning alpha-helices (H1-H7) that are 
separated by three intracellular (i1-i3) and three extracellular loops (e2-e4), and an 
intracellular carboxyl terminus that is linked to a heterotrimeric GTP-binding protein 
(Dong et al., 2007). In the absence of an agonist, GPCRs bind to the heterotrimeric G 
protein complex which is composed of a GDP-bound Gα protein and the Gβγ 
heterodimer. Upon agonist binding, the receptor facilitates GDP release, GTP binding to 
the α-subunit, and dissociation of the α-subunit from the βγ-complex. Both the α-subunit 
and βγ-complex can then regulate various intracellular effectors (Milligan and Kostenis, 
2006; Heilker et al., 2009). 
G proteins are classified based on the nature of their α-subunits and there are 16 
known α-subunits that are functionally categorized into four subfamilies: Gα12/13, Gαq, 
Gαi/o, and Gαs. Gα12/13 proteins are responsible for transducing signals from more than 
30 GPCRs including lysophosphatidic acid receptors (LPA), sphingosine-1-phosphate 
receptors (S1P1–S1P5), angiotensin II type 1 receptors (AT1) and thrombin receptors 
(PAR1) (Kihara et al., 2014). After dissociation from these receptors Gα12/13 subunits 
typically target Rho, Cadherin, and β-catenin complexes which aid in the regulation of 
immune response, energy homeostasis, and angiogenesis. Due to their role in human 
physiology disruptions in Gα12/13 signaling has been linked to various metabolic 
diseases including diabetes, liver fibrosis, and cardiovascular disease (Suzuki et al., 
2009; Yang et al., 2020). The Gαq subunit has been seen to interact with numerous 
pathways including the MAPK, GSK3β, PLCβ, and PKC pathways and has been shown 
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to play a role in lupus, pancreatitis, and multiple sclerosis (Ansarie et al., 2003; Xia et 
al., 2008; Wang et al., 2011).  
Gαi/o and Gαs mediated GPCRs are the most common and include numerous 
adrenoceptors, dopamine, acetylcholine, serotonin, opioid, somatostatin, angiotensin, 
cannabinoid, metabotropic GABA, metabotropic glutamate, adenosine, and oxytocin 
receptors (Oliveria et al., 2019). Gαi/o and Gαs are unique in that their primary target are 
the adenylyl cyclase’s, a class of enzymes that catalyze the production of cAMP. Gαi/o is 
typically thought of as a suppressor G protein as it binds to the catalytic domain of 
adenylyl cyclase to reduce cAMP production. By attenuating the cAMP signaling 
cascade Gαi/o silences protein kinase A (PKA), cyclic nucleotide gated (CNG) ion 
channels, phosphodiesterases, and phospholipases to keep normal homeostatic 
pathways in balance. Conversely, Gαs is an excitatory G protein and is responsible for 
upregulating cAMP production from adenylyl cyclase’s.  
This inhibitory/excitatory balance is essential for many cellular processes but of 
particular interest is their role in Shh signaling. Both SMO and GPR161 are Gαi coupled 
GPCRs and must be bound by their ligands to initiate Shh signaling. Upon activation 
these receptors release their Gαi subunit which binds to and inhibits adenylyl cyclase, 
reducing the cAMP gradient found in the cilium cytosol (Villanueva et al., 2015). This 
reduction in available cAMP reduces PKA activity and halts the phosphorylation of 
SUFU, which normally sequesters GLI transcription factors to the ciliary tip. However, 
once no longer active SUFU releases the GLI transcription factors which will then 
upregulate downstream targets of Shh (Barzi et al., 2010). The importance of G protein 
signaling in Shh was further corroborated when a Gαs knockout mouse line was 
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developed. Upon breeding C57BL/6 mice that were heterozygous for the knockout it 
was found that embryos homozygous for the mutation died in-utero at E9.5 due to open 
neural tube and cardiac defects caused by deficient Shh signaling (Regard et al., 2013). 
Gαi/o/Gαs dependent cAMP signaling is also essential for CNG ion channel function in 
olfactory receptor neurons and retinal photoreceptor cells. When a chemical odorant 
triggers an olfactory GPCR to release Golf (an olfactory specific Gαs protein) it stimulates 
adenylyl cyclase 3 resulting in an increase on intracellular cAMP. This rise in cAMP 
directly activates CNG channels leading to an influx of Na+ and Ca2+ ions and opening 
of calcium-activated chloride channels. This leads to a sudden depolarization of the 
olfactory neuron and the release of an action potential that is responsible for the 
sensation of smell. To terminate this signaling pathway the olfactory GPCR must be 
phosphorylated, allowing Golf to hydrolyze GTP resulting in a reduction of cAMP to 
resting levels (Breer, 2003; Matthews and Reisert, 2003).  
In contrast to this, the cAMP signaling cascade in photoreceptors generates a 
response with a reverse polarity compared to the system for olfaction. In retinal rod and 
cone photoreceptors the level of cGMP is high in the dark when there is no photon 
input, allowing for sustained entry of Na+ and Ca2+ ions through CNG channels to 
maintain the cell in an active depolarized state (Molday, 1998). Once exposed to light 
the protein rhodopsin will absorb photons, enzymatically activating it to catalyze the 
exchange of GTP for GDP on the G protein transducin. GTP-transducin in turn triggers 
cGMP phosphodiesterases to hydrolyze cGMP reducing its free availability. This 
reduction of intracellular cGMP causes CNG ion channels in the plasma membrane to 
close, hyperpolarizing the cell and attenuating the signal that is transmitted to the retina 
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(Baylor and Fettiplace, 1977). In order to return to the active dark state rhodopsin 
kinase must silence the stimulated rhodopsin protein to interrupt stimulation, and 
guanylyl cyclase must synthesize cGMP to open CNG ion channels and restore the flow 
of Na+ and Ca2+ ions back into the cell to depolarize it (Fesenko et al., 1985).  
While the relationship between GPCRs and CNG ion channels is well established 
in sensory cells, the role of CNG ion channels in non-sensory cells is not currently 
known despite them being detectable in several other cell types including neurons. 
There is evidence that CNG ion channels are responsible for prolonged depolarization 
of hippocampal CA1 neurons after stimulation of muscarinic acetylcholine GPCRs to aid 
in long-term potentiation (LTP) (Kuzmiski and MacViar, 2001). This research is 
supported by electrophysiological recordings that found ablation of the CNG ion channel 
CNGA2 in mice lead to reduced hippocampal LTP after theta burst stimulation (Parent 
et al., 1998). Despite this, our understanding of the role of CNG ion channels in non-
sensory neuronal function is still highly speculative and further research will have to be 
undertaken to elucidate the role of CNG channels in spontaneous neural function. 
In addition to being characterized by their heterotrimeric G protein, GPCRs are 
also broken down into 7 different classes based on sequence homology and their 
functional similarity. Class A are the rhodopsin-like receptors. Containing roughly 80% 
of all GPCRs this is the largest class and contains the sensory receptors for sight, taste, 
and olfaction. Due to the size of this class it has been broken down into 19 subclasses 
based on the receptors natural ligand which could be a small molecule, peptide, or high 
molecular weight hormone (e.g. LH, TSH, FSH). Class B is the secretin receptor class 
which contains 60 GPCRs divided into 3 subclasses. Their ligands include low 
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molecular weight hormones (e.g. GH-RH) and polypeptide hormones such as glucagon, 
calcitonin, and secretin. Class C contains 24 members of metabotropic glutamate 
receptors including mGluR and GABA-B type receptors. Class D is composed of fungal 
mating receptors. This class is not found in vertebrates but contains pheromone 
receptors that are bound to the Gαi protein. Class E GPCRs are cAMP sensitive 
receptors, which are also not found in vertebrates. Class F is composed of the 
frizzled/smoothened receptors families that are involved in Shh and Wnt signaling. 
These receptors are instrumental in embryonic development due to their coordination of 
proliferation, cell polarity, migration, differentiation, and organogenesis (Kolakowski, 
1994). In 2003 Fredrickson et al. proposed a new more modernized classification 
system that used advances in the field of genetics to simplify the A-F system. Termed 
“GRAFS” this classification uses phylogenetic analysis to divide GPCRs into 5 classes 
based solely on their primary sequence homology: Glutamate, Rhodopsin, Adhesion, 
Frizzled, and Secretin. In addition to the classes identified above, either A-F or GRAFS, 
there is an additional group of GPCRs termed class O. These are orphan GPCRs who 
have no known ligand and do not fit into any of the aforementioned groups (Tuteja, 
2009).  
As the fields of primary cilia and GPCR research continue to grow it has become 
evident that the two are closely intertwined as a growing number of GPCRs have been 
found to localize within the primary cilium. Recent literature searches have identified at 
least 30 non-sensory GPCRs that localize to the cilia domain and rely on cilia machinery 
for proper function (Table 1) (Schou et al., 2015; Mykytyn and Askwith, 2017). Of 
interest to our study are those localized to neuronal primary cilia as there is a growing 
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body of evidence linking these receptors to human health. Seminal studies using 
knockout mouse lines found that ablation of various different ciliary GPCRs or 
downstream effector often resulted in similar phenotypes of congenital anomalies, 
obesity, and cognitive deficits (Davenport et al., 2007; Wang and Storm, 2011; Berbari 
et al., 2013, 2014). This similarity in phenotypes despite each GPCR having a distinct 
ligand may be attributed to the shared use of the downstream effector adenylyl cyclase. 
Unlike GPCRs which are numerous and highly variable, there are only 9 
membrane bound adenylyl cyclases (ACs) in mammals and they have highly conserved 
GPCR class Ciliary localized receptor Location
Rhodopsin-like β2-adrenergic receptor: β2AR Neurons
Class A Bitter taste receptors: T2R Epithelial
Dopamine receptors: D1R, D2R, D5R, DRD2S Neurons, epithelial
G protein-coupled bile acid receptor: TGR Cholangiocytes	
Kisspeptin receptor: KISSR1 Neurons
Melanin concentrating hormone receptor 1: MCHR1 Neurons
Muscarinic acetylcholine receptor 3: M3R Olfactory
Neuromedin U receptor 1: NMUR1 Neurons
Neuropeptide FF receptor 1: NPFFR1 Neurons
Neuropeptide Y (NPY) receptors:
PYRR, NPY5R, GALR2, GALR3, QRFPR, PGR15L Neurons
Prolactin-releasing hormone receptor: PRLHR Glia
Prostaglandin receptor: EP4 Retinal
Purinergic receptor: P2Y12 Platelets
Serotonin receptor 6: 5HT6 Neurons
Somastostatin receptor 3: SSTR3 Neurons
Orphan receptors: 
GPR45, GPR63, GPR75, GPR83, GPR88, GPR161 Various
Secretin family Vasoactive intestinal peptide receptor 2: VPAC2 Lymphocyte
Class B PACAP receptor 1: PAC1 Neurons
Frizzled/Smoothened Smoothened: SMO Neurons, fibroblasts
Class F Frizzled receptor 3: FZD3 Neurons
 
Table 1: GPCRs with confirmed ciliary localization. 
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consensus regions defining their structure and activity. Ranging from 1,028-1,248 amino 
acids in length all ACs are polytopic membrane proteins composed of 12 
transmembrane (TM) alpha-helices with cytosolic N and C termini. The TM region is 
broken into two cassettes of six alpha-helixes, the first set (TM1-TM6) is followed by a 
large cytosolic catalytic domain composed of C1a and C1b which contains the binding 
site for the agonist molecule forskolin. The second set (TM7-TM12) is also followed by a 
cytosolic catalytic domain composed of C2a and C2b which is G protein sensitive 
(Linder, 2006; Pierre et al., 2009). Once activated these domains catalyze the 
conversion of adenosine 5′-triphosphate (ATP) into the secondary messenger cyclic 
adenosine 3′,5′-monophosphate (cAMP). which is one of the most widely distributed 
signaling pathways in vertebrates. cAMP signaling has been found to regulate a wide 
range of physiological functions including fertilization, development, gene expression, 
sensory function, learning and memory, smooth muscle contraction, heartbeat, and 
hormone secretion (Khannpnavar et al., 2020).  
While AC1, AC3, AC4, AC5, AC7, and AC8 have all been detected in neurons, 
AC3 is unique amongst them in that it is predominantly expressed in neuronal primary 
cilia, and not the cell body itself. Additionally, human genetic studies have linked AC3 to 
major depressive disorder (MDD), obesity, and autism spectrum disorder (ASD) 
(Nordman et al., 2008; Wray et al., 2010; Skafidas et al., 2014; Yuen et al., 2017). Of 
these MDD is the most prevalent, affecting 7.1% of US adults. Despite this prevalence 
our knowledge of the causes of MDD are lacking as it is a highly heterogeneous 
condition. To begin elucidating the role AC3 plays in human disease the Storm group 
developed an AC3 knockout model and found that ablating AC3 causes reduced 
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neuronal activity, altered sleep patterns, and depression-like phenotypes (Chen et al., 
2016). These findings are interesting because advances in this field that guide future 
therapeutic treatment will be highly beneficial to quality of life as current 
pharmacological treatment fails in as many as 50% of patients.  
Our current understanding of the role neuronal cilia play in MDD is still in its 
infancy but it is hypothesized that AC3 is interacting with the serotonin receptor 5-HTR6 
to maintain normal physiological conditions within the neuron, and that disruptions in 
this pathway lead to depression like symptoms. This hypothesis is based off of AC3s 
function in olfactory neurons where it is stimulated by excitatory Golf proteins to produce 
cAMP, which open CNG ion channels to depolarize the neuron (Wong et al., 2000).     
5-HTR6 is a Gαs linked GPCR and the only serotonin receptor that localizes to cilia, so it 
is likely to be interacting with AC3 after it is bound by its ligand. This is supported by 
evidence that pharmacological modulation of 5-HTR6 alters intracellular cAMP levels, 
and by recent genome wide association studies that have also implicated 5-HT6TR with 
MDD (Wesołowska, 2010; Golimbert, 2014). Despite these studies this hypothesis is 
still speculative and further research will have to be undertaken. In this study I seek to 
elucidate further evidence supporting this hypothesis as well as evaluate new methods 









Differentiated SH-SY5Y shows similar cilia morphology to cultured cortical neurons 
A large body of ciliary work has been done in kidney and fibroblast derived cell 
lines due to their low cost and ease of use, however these cell lines may not be an 
appropriate model for neuronal cilia which are found on terminally differentiated non-
dividing neurons. The use of primary cultured mouse neurons is also seen in the 
literature however the high cost of entry to establish an animal colony, the difficulty in 
attaining high quality neurons, and the inability to easily isolate classes of neurons can 
complicate primary culture results and dissuade research. To promote ciliary research I 
have evaluated several commercially available cell lines purchased through the ATCC 
and compared their ciliation patterns to those of primary cultured mouse cortical 
neurons using Dunnett’s statistical test. The kidney derived cell line HEK-293 which is 
seen throughout literature for ciliary studies was found to have an average cilia 
axoneme length of 2.60μm and low cilia expression of 27.8%. NIH-3T3, another 
prominent cell line in cilia research had an average cilium length of 4.80μm and 
expression rate of 63.0%. PC-12 which is derived from neuroendocrine tissue in the 
adrenal medulla had short 2.46μm cilia with a low ciliation frequency of 19.4%. The 
neuroblastoma derived cell line SH-SY5Y shows strong ciliation with an average length 
of 2.60μm and an expression rate of 42.3%. Additionally, these cells can be 
differentiated into a non-dividing state. After terminal differentiation with 10μM retinoic 
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acid SH-SY5Y cilia length increased to 5.80μm and frequency increased to 56.0% 
(Figure 2.2).  
When compared to primary cultured neurons which had an average length of 
7.04μm and ciliation frequency of 58.2%, HEK 293 cilia were significantly shorter 
(p<.0001) at only 37.8% of the length and showed significantly less ciliation (p<.0001) 
with HEK293 cells being 30.4% less ciliated than cultured cortical neurons. 
Differentiated SH-SY5Y cells were shorter than cultured neuronal cilia by 18% (p<0001) 
but there was no significant difference in ciliation (p=.933) (Figure 2.2)   
These findings illustrate that primary cilia on non-dividing and differentiated SH-
SY5Y more closely resemble the morphology and patterning of primary cilia on cultured 
mouse neurons than the cilia of dividing cell lines. Identifying SH-SY5Y as a cost 
effective and more physiologically relevant cell line for the study of neuronal primary 
cilia than is currently observed in the literature.  
SH-SY5Y cilia length can be modulated by pharmacological treatment  
Differentiated SH-SY5Y cells were challenged with 10 µM of various drugs for 24 
hours to determine if their primary cilia are pharmacologically sensitive. After treatment 
cilia morphology was compared using immunohistochemistry staining and the 
Kolmogorov-Smirnoff statistical test.  
To examine if ciliary developmental signaling pathways are found in non-dividing 
SH-SY5Y cells and if they alter ciliogenesis the cells were treated with ligands of the 
Shh signaling pathway. The Shh agonist SAG had a strong inhibitory impact on cilia, 
reducing overall length by an average of 0.35 µm ± SEM (p< .0001). Conversely, CPN, 
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a classical Shh antagonist increased cilia length by .038 µm, ± SEM (p=0.0157) (Figure 
2.3). Rapamycin, an agonist of the mTOR developmental pathway also had a 
shortening effect on differentiated SH-SY5Y (.025 µm ± SEM, p=.0129).  
The FDA approved drugs clofibrate, cytosine β-D-arabinofuranoside, and 
dexamethasone, which have been previously reported to significantly elongate cilia in 
kidney derived cell cultures, were tested for their impact in neuronal cells. Clofibrate had 
a strong positive effect on cilia length (+1.17 µm ± SEM, p = .0004), whereas cytosine 
had mild impact (+0.53 µm ± SEM, p = 0.0327). Dexamethasone also had a mild effect 
on ciliogenesis (+0.43 µm ± SEM, p = 0.0272) (Figure 2.4). The results of these drug 
trials mirror results that have previously been observed in primary cell culture (Nardo et 
al., 2020). Indicating that differentiated SH-SY5Y not only have a similar ciliation pattern 
to primary neurons but that they are also functionally similar and express similar 
signaling pathways.  
SSRIs have a cell type dependent effect on ciliogenesis 
Differentiated SH-SY5Y cells were challenged with selective serotonin reuptake 
inhibitors (SSRIs) to evaluate if there may be a link between their therapeutic 
mechanism of action and primary cilia mediated signaling. Fluvoxamine and fluoxetine 
both had strong ciliogenic effects (+0.89 µm ± SEM, p < 0.0001 and +0.84 µm ± SEM, p 
<0.0001 respectively). Citalopram and escitalopram had mild positive impacts on ciliary 
length (+0.75 µm ± SEM, p = 0.0049 and+0.72 µm ± SEM, p = 0.0025). Paroxetine had 
a mild impact (+0.38 µm ± SEM, p = 0.0403), and sertraline had no significant impact 
(figure 2.5).  
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To examine if SSRIs exert their effect on all cell types or if they are neuronal 
specific, glial astrocytes were harvested at P0 and treated on P14 with the same 
catalogue of SSRI’s. Only escitalopram had a significant but mild inhibitory effect on 
astrocyte primary cilia length (-0.97 µm ± SEM, p = 0.0023). fluoxetine, fluvoxamine, 
citalopram, paroxetine, and escitalopram were all non-significant (Figure 2.6). These 
experiments are the first evidence that SSRI’s may have an extra-synaptic target and 
that they may be influencing neuronal primary cilia. Additionally, the lack of consistency 
in results between neuronal and non-neuronal cells indicates that they have a cell type 
specific response.  
Primary neurons were harvested at P0 and treated at P10 to examine if primary 
ciliary signaling may mediate the therapeutic effect of SSRI treatment in AC3 
expressing neuronal cells. In contrast to tumor-based SH-SY5Y neuronal cells, in 
primary neurons sertraline and paroxetine both had strong inhibitory effects on 
ciliogenesis (-3.01 µm ± SEM, p < 0.0001 and -1.614 µm ± SEM, p < 0.0001). 
Additionally, fluoxetine, fluvoxamine, citalopram, and escitalopram were found to have 
no significant impact on primary neuron length (P>.05) (Figure 2.7). This data suggests 
two major findings, that 5-HT6R mediated signaling on downstream effectors can alter 
cilia length. And that the therapeutic effect of selective serotonin reuptake inhibitors may 






Figure 2.2 Differentiated SH-SY5Y show similar ciliation to cultured cortical 
neurons. A: Light microscopy of dividing SH-SY5Y cells (Ai) compared to differentiated 
SH-SY5Y (Aii). B: IHC staining of dividing (Bi) and differentiated (Bii) SH-SY5Y cells 
stained for the nuclear marker DAPI (blue) and the neurite marker MAP2 (red). C. HEK 
293 cilia are significantly shorter than those of cultured neurons (p<.0001) at only 37.8% 
of the length and showed significantly less ciliation (p<.0001) with HEK293 cells being 
30.4% less ciliated than cultured cortical neurons. Differentiated SH-SY5Y cells were 
shorter than cultured neuronal cilia by 18% (p<0001) but there was no significant 
difference in ciliation (p=.933). Of the commercially available cell lines SH-SY5Y had 
cilia most similar to those of primary neurons. D. IHC staining of HEK-293 (Di), 
differentiated SH-SY5Y (Dii), cultured astrocytes (Diii), and cultured cortical neurons 
(Div). All cells were stained with the nuclear marker DAPI (blue) and either the neurite 






Figure 2.3: Developmental signaling ligands modulate length in differentiated SH-
SY5. A. Differentiated SH-SY5Y cells stained for the nuclear marker DAPI (blue) and 
the primary cilia marker ARL13B (green). All scale bars are 10 µm. B. Cumulative 
distribution plots of the effect developmental signaling pathway ligands have on 
ciliogenesis. The Shh agonist SAG had an inhibitory impact on cilia, reducing overall 
length by an average of -0.35 µm ± SEM (p< .0001). In a reciprocal manner, CPN a 
classical Shh antagonist increased cilia length (+.038 µm ± SEM, p=0.0157) (Figure 
2.3). Rapamycin, an agonist of the mTOR developmental pathway also had a 
shortening effect on differentiated SH-SY5Y (-.025 µm ± SEM, p=.0129). Statistical 
significance was calculated using the nonparametric Kolmogorov-Smirnov test. C. 











Figure 2.4: Pharmacological modulation of differentiated SH-SY5Y cilia. A. 
Differentiated SH-SY5Y cells stained for the nuclear marker DAPI (blue) and the 
primary cilia marker ARL13B (green). All scale bars are 10 µm. B. CDF plots 
characterizing the sensitivity of differentiated SH-SY5Y to FDA-approved 
pharmaceuticals which have been observed to increase ciliogenesis. Clofibrate had a 
strong elongating effect on cilia length (+1.17 µm ± SEM, p = .0004), cytosine had mild 
impact (+0.53 µm ± SEM, p = 0.0327), dexamethasone also had a mild effect on 
ciliogenesis (+0.43um ± SEM, p = 0.0272). Statistical significance was calculated using 
the nonparametric Kolmogorov-Smirnov test. C. Alternative density plots of the data 











Figure 2.5: SH-SY5Y cilia are sensitive to select SSRI treatments. A. Differentiated SH-SY5Y cells stained for the 
nuclear marker DAPI (blue) and the primary cilia marker ARL13B (green). All scale bars are 10 µm. B. CDF plots 
illustrating the ciliogenic effect of SSRIs on differentiated SH-SY5Y primary cilia. Fluvoxamine and fluoxetine had strong 
ciliogenic effects (+0.89 µm ± SEM, p < 0.0001 and +0.84 µm ± SEM, p <0.0001 respectively). Citalopram and 
escitalopram had mild impacts on ciliary length (+0.75 µm ± SEM, p = 0.0049 and +0.72 µm ± SEM, p = 0.0025). 
Paroxetine had a mild impact (+0.38 µm ± SEM, p = 0.0403), and sertraline had no significant impact on axoneme length 
(p>.05). Statistical significance was calculated using the nonparametric Kolmogorov-Smirnov test. C. Alternative density 





Figure 2.6: Primary cultures astrocytes do not show SSRI sensitivity. A. Primary cultured astrocytes stained 
for the nuclear marker DAPI (blue) and the primary cilia marker ARL13B (green). All scale bars are 10 µm. B. To examine 
if SSRIs exert their effect on dividing brain cells astrocytes were harvested at P0 and treated on P14 with the same 
catalogue of SSRI’s. Only escitalopram had a significant but mild inhibitory effect on the length of astrocyte primary cilia   
(-0.97 µm ± SEM, p = 0.0023). fluoxetine, fluvoxamine, citalopram, paroxetine, and escitalopram were all non-significant. 
Statistical significance was calculated using the nonparametric Kolmogorov-Smirnov test. C. Alternative density plots of 





Figure 2.7: Some SSRIs modulate cilia length in primary cultured cortical neurons. A. Primary cultured 
neurons stained for the nuclear marker DAPI (blue), the cilia marker AC3 (green), and the neuronal cell marker NeuN 
(red). All scale bars are 10 µm. B. Primary neurons were harvested at P0 and treated at P10 for 24-hours to examine if 
therapeutic SSRIs alter ciliation in AC3-expressing neuronal cells. Both sertraline and paroxetine had strong inhibitory 
effects on neuronal primary cilia length (-3.01 µm ± SEM, p < 0.0001 and -1.614 µm ± SEM, p < 0.0001). Fluoxetine, 
fluvoxamine, citalopram, and escitalopram have no significant impact on neuronal primary cilia length (P>.05). Statistical 






This study brings to light several implications with cellular models of primary cilia. 
While there are several well established and popular dividing cell lines in the literature 
for ciliary research they are genetically and functionally distinct from neuronal cells 
(Dhekne et al., 2018; Siljee et al., 2018; Huang et al., 2020). A significant portion of 
these differences arise from our lack of understanding of the role primary cilia play in 
the physiological conditions of dividing vs non-diving cells. In dividing cells primary cilia 
emanate from the centrosome and must be fully dismantled prior to mitosis so that the 
centrosome can form the mitotic spindle (Mola-Herman et al., 2010). Due to this role in 
proliferation many of the signaling pathways that localize to primary cilia are involved in 
regulating ciliogenesis and entry to the cell cycle. The genes involved in these pathways 
are often still expressed in non-dividing neurons where their function is not fully 
understood (Park et al., 2019). This can cause unexpected results in cell culture 
research and thereby complicates the research progress from cell culture to animal 
model. One way to circumvent these issues is to use primary cultured mouse neurons. 
However, this requires access to an approved animal facility as well as extensive 
training, all of which can act as a barrier to entry that is cost prohibitive for many labs to 
undertake. This forces many labs to use inappropriate cell line models which may not 
be representative of neuronal cell types and can give false results due to their genetic 
and physiological differences.  
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To increase access to the study of neuronal cilia and accelerate research I have 
identified SH-SY5Y as an excellent cell culture line for the study of neuronal cilia 
processes. Upon differentiation SH-SY5Y exits the cell cycle and its cilia increase in 
length and frequency to conditions that match cultured neurons more accurately than 
the diving cell lines HEK-293 or NIH-3T3. Differentiated SH-SY5Y also shows sensitivity 
to Shh and mTOR ligands in a manner that is consistent with what is seen in neuronal 
cultures (Yoshimura and Takeda, 2010). SH-SY5Y cells are available directly from the 
ATCC and compared to primary culture isolation are much more cost effective to 
procure and are easier to maintain. These physiological similarities to neurons as well 
as their low cost should facilitate smaller academic labs into exploring neuronal primary 
cilia research for the benefit of the field and human health.  
I have additionally used this cell model in conjunction with primary cultured 
astrocytes and cortical neurons to begin elucidating the role primary cilia play in major 
depressive disorder (MDD). Despite human evidence linking the ciliary gene AC3 to 
MDD there is a limited amount of research being performed to tease out the molecular 
mechanisms (Chen et al., 2016). Due to the colocalization of AC3 with the serotonin 
GPCR 5-HT6R to neuronal primary cilia it is hypothesized that 5-HT6R stimulation is 
causing an increase in ciliary cAMP to assist in proper neural function. This hypothesis 
is still speculative however I have found evidence supporting it. This study found that 
treatment with selective serotonin reuptake inhibitors (SSRIs), which are the most 
commonly prescribed class of antidepressant, alters ciliation in a cell type dependent 
manner. It was found the SSRIs cause cilia elongation in differentiated SH-SY5Y cells, 
have little or a shortening effect in primary cultured neurons, and do not affect glial cells.  
65 
 
The fact that antidepressant treatment has an effect on cilia length suggests that 
5-HT6R is interacting with AC3 in some manner. But further studies will have to be 
performed using pharmacological or genetics means of manipulating 5-HT6R in AC3 
knock out and wild type models to measure if 5-HT6R modulation alters intracellular 
cAMP levels before any concrete conclusions can be drawn. These findings are 
significant as they expand our understanding of MDD and potential therapeutic targets. 
Despite being prescribed to 50% of MDD patients, we do not understand the full 
mechanism of action of SSRIs or what off target proteins they may affect. It is 
traditionally understood that SSRIs enact their therapeutic effect by blocking serotonin 
recycling in the synaptic cleft to increase synaptic serotonin levels and post synaptic 
activity (Fong et al., 2018). 
My study provides the first evidence that SSRIs may have an extra-synaptic off 
target effect as well, potentially activating 5-HT6R or other ciliary GPCRs to stimulate 
ciliogenesis. This elongation effect is significant because the cilium only account for 
1/30,000 of a cells cytosolic volume and are less than 1μm in diameter (Delling et al., 
2013). Due to this small size it is believed that the number of proteins that can localize 
to primary cilia is diffusion and density limited and excess proteins can physically clog 
the ciliary pore complex. Any therapeutic treatment that increases ciliary size will also 
increase the available volume for receptor localization, allowing the cilia to convey a 
stronger signal to the cell body. Presuming AC3 operates in neuronal cilia in a similar 
manner as to how it operates in olfactory cilia, this would result in an increased cAMP 
signaling cascade that increases neuronal activity (Wong et al., 2000). While this 
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conclusion would be beneficial in guiding future therapeutic treatment of MDD the down 
stream effector of AC3 in neuronal primary cilia must first be better understood. 
Another important conclusion from my study is that SSRIs had a cell type 
dependent effect. The primary cilium of differentiated SH-SY5Y cells elongated after 
antidepressant treatment. However, these results are in contrast to what I observed in 
cultured cortical neurons and astrocytes. The difference between glial and neural cilia 
response is most likely due to astrocytes being a dividing cell and maintaining the 
machinery and pathways for cell division (Ge and Jia, 2016). This theory is supported 
by a recent study that found that the nuclear transcription factor-Y (NF-Y) enriches 
transcription of endoplasmic reticulum related genes in neurons, but not in dividing 
HeLa cells. In HeLa cells NF-Y was only found to upregulate cell cycle specific genes 
(Yamanaka et al., 2020).  Differences between cell lines are most likely due to the high 
variability in gene expression profiles between neuron types. Neurons are often broken 
down into 16-22 classes and depending on the genomic or functional characteristics 
each class can often be broken down into dozens of subclasses (Hobert et al., 2013; 
Armand et al., 2021). In the case of this study the primary neurons were isolated from 
cortical tissue which has a high density of inhibitory interneurons. This suggests that 
sertraline’s therapeutic effect on cilia has both spatial and temporal localization. 
Additionally sertraline had a different effect on cells from a predominantly inhibitory 
region (cortex) compared to a predominantly excitatory region (CA1). These results 
highlight the necessity for researchers to consider spatiotemporal cell type distributions 
in neural studies as it is an important aspect of neural development and function. 
Further study into the genetic differences between neurons stimulated by SSRIs and 
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those not stimulated by SSRIs may uncover further mechanisms that underly MDD as 
well as elucidate why antidepressant treatment has such a variable success rate in 
human patients.  
In conclusion this study has furthered our understanding by evaluating an 
alternative cell culture model that is an inexpensive and accurate model of neuronal 
primary cilia. I have also uncovered a potential link between SSRIs and AC3-mediated 
ciliary signaling which may advance our understanding of depression and aid in the 
















Aim 1: Identify a model cell line for research on neuronal primary cilia. 
SH-SY5Y are a more physiologically relevant cell culture model for the study of 
neuronal ciliary processes compared to cell lines traditionally found in the literature. 
Aim 2: Investigate if primary cilia are sensitive to antidepressant treatment and other 
common pharmaceuticals. 















MATERIALS AND METHODS 
Cell Culture 
Under growth conditions SH-SY5Y cells were grown in 25cm2 flasks in a 1:1 mix 
of Dulbecco’s Modified Eagle Media to F12 Medium with 10% heat inactivated fetal 
bovine serum added before being passaged and plated on 18mm coverslips at 2.5x105 
cells/mL for drug treatment. For starving conditions the fetal bovine serum content was 
lowered to 2%. To induce SH-SY5Y differentiation cells were plated on 18mm 
coverslips at 2.5x105 cells/mL and allowed to grow to 50% confluence. Growth medium 
was then exchanged for starving medium with 10.0μM retinoic acid added to the 
medium, this medium was changed every 3 days and the SH-SY5Y cells were allowed 
10 days of retinoic acid treatment to differentiate out into mature cells before being used 
for experimentation.  
During normal growth phase PC-12 cells were cultured in 25cm2 flasks in RPMI-
1640 media with 10% heat inactivated horse serum and 5% heat inactivated fetal 
bovine serum.  Under starving conditions, the horse serum levels were lowered to 2% 
and fetal bovine serum to 1%. 
Primary Culture 
P0-P3 pups were euthanized with sterile surgical scissors and isolated tissues 
were placed in ice cold HBSS (Corning, Reference: 21–040-CV). Meninges were 
removed fully while tissue remained immersed and chilled. Under sterile conditions, 
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cortices were placed in prewarmed papain (Worthington-Biochem, Cat#: LS003127) in 
DMEM. DNAase was then added to mixture. Tissue was incubated at 37 °C for 15–20 
min with inversion every 5 min. Tissue was then transferred to sterile conditions and 
washed three times in DMEM. Following this, tissue was dissociated into a single cell 
suspension by pipetting 5-10x with HBSS and allowing cellular debris to settle for 2 
minutes. HBSS containing dissociated cells was centrifuged and pellet resuspended in 
DMEM. To generate astrocyte cultures, cells were grown to confluence in flask for 1 
week and then split twice to produce pure astrocyte cultures. To produce neuronal 
cultures, cells were plated at 4.0x105 on 18mm Poly-D-Lysine coated coverslips in 12-
well plates, media was exchanged after 4 hours with neuronal media, following 
procedures as described previously. Astrocytes and neurons were cultured in vitro for 
7–10 days. 
Drug Assay 
All drugs were diluted to 90% of their maximum solubility in the manufacturers 
recommended solvent (DMSO or Ethanol) for the stock solution. All stocks were then 
diluted down to 10mM in cell culture grade water to minimize cell toxicity. For treatment, 
cells were exposed to 10 µM concentrations for 48 hours before being fixed with 4% 
paraformaldehyde. Control samples were treated with 10 µM concentrations of either 
DMSO or EtOH. All drug treatments were done in duplicates on 12-well plates and 






For immunostaining, cells were washed 3 times in PBS at room temperature. 
Samples were then permeabilized in 0.5% PBST (PBS + Triton X-100) 15 min. Cells 
were blocked for 2 hours at room temperature in blocking solution (10% donkey serum 
(Sigma, D9663–10 ML), 2% bovine serum albumin (Sigma-Aldrich, A7906-100G), and 
0.1 M glycine (Apex, 18–109) in 0.5% PBST). They were then placed in new blocking 
buffer and incubated overnight at 4 °C with primary antibodies: anti-AC3 rabbit antibody 
(EnCor Biotechnology, AB2572219, 1:1,000 dilution), anti-Arl13b mouse (Neuromab, 
75–287, 1:500), or NeuN (EMDmilipore, 1:500). After incubation, tissue was washed for 
10 min 3 times in 0.5% PBST and then incubated with Alexa Fluor secondary antibodies 
at 1:4,000 dilution. After incubation, the samples were washed once in 0.5% PBST for 5 
min and then twice in PBS. Coverslips were secured with clear nail polish and allowed 
to dry fully before imaging. 
Confocal microscopy and Image analysis  
Following immunofluorescence staining cells were imaged with a Nikon A1R 
HD25 confocal microscope with a 63x objective. Five 6 µm Z-stacks were acquired in 
random regions of each coverslip for quantitative analysis.  Fiji (ImageJ) (Schindelin et 
al., 2012) was used to measure primary cilia manually.  
Data analysis  
All length and intensity data were analyzed with JMP statistical analysis software. 
Analyses included unpaired Student’s t-test, correlation analysis, Kolmogorov-Smirnov 
test, and density analysis. Significance was determined by a p value less than 0.05 (*), 
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less than 0.01 (**), less than 0.001 (***), and less than .0001 (****). Data in the graphs 
are presented as mean ± standard error of the mean. 
Scientific Rigor  
All cell culture lines were purchased directly from the ATCC and passaged a 
maximum of 25 times before starting a new line to avoid genetic drift. All drug 
treatments were performed in duplicate on 12 well plates and repeated a minimum of 
3x. All trials and treatments were randomly labeled so that cilia measurement and 
statistical analysis could be performed blindly to avoid bias. All antibodies used were 
purchased directly from the manufacturer and only antibodies that had been validated 
for specificity and sensitivity by the manufacturer or by independent labs were 
purchased.  After IHC staining all microscope slides were given an anonymous number 
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Chapter 3: Primary Cilia in Brain Activity and Function 
ABSTRACT 
 The primary cilium is a small antenna like cellular organelle that is ubiquitously 
found across nearly all human cell types except some blood and immune cells. 
Originally believed to be vestigial it grew in popularity upon the discovery that it 
regulates entry into the cell cycle and can arrest or initiate cellular proliferation. Despite 
this novel connection to human health it was not viewed as a priority research area as 
the only ailments linked to cilia at the time were rare developmental disorders termed 
ciliopathies. This changed in 2004 when the Pazour group published a paper proving 
that polycystic kidney disease, a condition that affects over 500,000 Americans, is 
caused by a mutated ciliary gene. This discovery showed that cilia can be involved in 
commonplace human diseases and kicked off a surge of ciliary research which has 
seen the number of cilia genes confirmed to impact human health grow from 40 to 187, 
with at least 241 more candidate genes that are still being investigated.    
 Today our understanding of primary cilia has expanded to include its function in 
day-to-day cellular processes such as metabolic regulation, protein transport, 
autophagy, and cellular interconnectivity. Ciliary genes have even been implicated in 
complex neurological disorders including major depressive disorder, Autism Spectrum 
disorder, Alzheimer’s Disease and Parkinsons disease. These diseases all have unique 
and very diverse etiologies but one trait they share in common with each other, as well 
as many classical ciliopathies, is cognitive deficits that impair memory formation and 
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learning. There has been research in recent years which has made progress in teasing 
out the mechanisms behind these impairments and the cilia’s role in neuronal 
development and intraneuronal connectivity. There have also been several studies that 
have linked the ciliary proteins AC3, SSTR3, and 5HT6R to mental cognition and 
memory. However little is known about the downstream mechanisms of these 
pathways, only that ablation or manipulation of these genes impacts memory formation 
and recall.    
 The goal of this study was to characterize how cilia ablation alters brain wave 
activity to better understand how mental function is being disrupted in mental diseases. 
After 24-hour continuous EEG/EMG recording of brain wave activity in wildtype and cilia 
ablated mice I found that cilia ablation alters mouse sleep patterns by increasing non-
rem sleep frequency. Cilia-ablated mice also had reduced EEG waveform power and 













 Cilia are the oldest known cellular organelle. Their discovery even predates the 
American revolutionary war by over a century when Leeuwenhoek observed undulating 
rods under his light microscope in 1674 (Dobell 1932).  These motile cilia were 
observed on invertebrates and aided in movement and feeding. However, there were no 
tools at the time to study them so they were soon forgotten as a novelty. Almost 200 
years later cilia reemerged again when Kowalevsky observed that many vertebrate cells 
contained a lone cilium that lacked motility in 1867. These cilia were soon disregarded 
as vestigial appendages due to their lack of motility and were cast aside due to a lack of 
technology to study them (Kowalevsky 1867).   
 It was not until the 1950s when electron microscopy resolution improved that cilia 
had a brief resurgence in research. Using this newly improved technology scientists 
were able to characterize the structure of cilia and discovered that motile cilia had a 9+2 
skeletal structure where nine microtubule doublets formed a ring around two central 
microtubule doublets. Additionally these microtubule doublets were interlaced with 
dynein motor protein arms that allowed it to bend and undulate. Nonmotile, or primary, 
cilia were found to only have a 9+0 cellular structure with nine microtubule doublets 
arranged in a ring, not only was it observed that these cilia lacked the central two 
microtubule structures but they also lacked the dynein arms on their microtubules which 
causes their lack of motility (Porter 1956). These microtubules were dubbed the ciliary 
axoneme and were observed to originate from the cells centriole before passing through 
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a transition zone of dense fibers and then into the ciliary compartment (Satir, 1961). At 
this time interest in primary cilia began to wane as most scientists still believed 
nonmotile cilia were vestigial structures. Although a small group hypothesized that they 
were involved with the removal of the centriole from the plasma membrane, permitting 
the cell to enter the cell cycle (Archer and Wheatley, 1977). Meanwhile others believed 
that they may act as a cellular antennae receiving intracellular signals, similar to how 
they have been seen to behave on insect sensory cells (Moran et al., 1977).  
 Despite primary cilia research falling to the wayside, motile cilia research was still 
very active and several advances were made in this period from the 1970s-late 1980s. 
During this time a growing body of evidence solidified the cilium’s role in cell division, 
showing that the ciliary axoneme must be deconstructed prior to mitosis so that the 
centriole can detach and form the microtubule organizing center (Sorokin, 1968; Tucker 
et al., 1979; Ho and Tucker, 1989.). It was also observed that motile cilia contained 
unique Ca2+ channels that upon opening stimulated ciliary undulation, additionally 
manipulating ciliary cyclic-amp (cAMP) had a similar effect on the modulation of motile 
cilia (Hyams 1983). This was the first direct evidence uncovered that the ciliary 
membrane contained functional receptors and that the cilium could receive intracellular 
signals. Then in 1976 Afzelius characterized the first ciliopathy when he took the 
immotile spermatozoa of patients suffering from Kartageners syndrome and analyzed it 
using electron microscopy. He found that the microtubules composing the flagella at the 
tail of the sperm (a long cilia used for propulsion) were lacking the dynein arms required 
for motility, leading to male infertility. He then re-analyzed tissue samples from other 
Kartageners patients and was able to link dynein arm ciliary motility defects in other 
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tissues to bronchiectasis, hydrocephalus, and situs inversus totalis. These findings 
changed the way cilia were looked at as this was the first direct evidence that cilia can 
cause human disease.  
 By the 1990’s the cilia field was becoming established and more popular thanks 
to the discovery of the intraflagellar transport (IFT) system which was found to actively 
transport proteins to the ciliary tip and back (Piperno and Mead 1997; Cole et al., 1998). 
A genetic knockout of kinesin2, the motor protein involved in anterograde transport 
away from the cilium base, was found to cause situs inversus totalis in a transgenic 
mouse line. Further analysis found that this mutation was causing a dynein arm 
mutation that knocked out cilia motility in the embryonic node, under normal conditions 
the rhythmic beating of cilia around the embryonic node causes a protein gradient that 
directs cell polarity (Nonaka et al., 1998). These results mirror what Afzelius observed in 
1976 in his Kartageners syndrome patients and kinesin2 became the first protein linked 
through genetic evidence to human health.  
 In the early 2000s advances in ciliary research coincided with new molecular 
techniques and readily accessible BLAST databases to ignite a surge of ciliary research 
and progress. Perhaps the most seminal finding of this era was when Gregory Pazour 
cloned and sequenced the Chlamydomonas gene IFT88 as part of his work uncovering 
the mechanisms of IFT, only to uncover by BLAST search that IFT88 is orthologous to 
the mouse gene TG373 which was known to cause Polycystic kidney disease (PKD) in 
humans (Pazour et al., 2000). This finding greatly impacted the community because 
after years of research very little progress had been made in understanding PKD, and 
now an entire mechanism was being proposed that hypothesized that defective primary 
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cilia cause PKD. This hypothesis was supported by a hypomorphic TG373 mutant that 
produced a weakened version of the protein, which lead to shortened primary cilia on 
fewer mouse kidney cells. Mice homozygous for a TG737 knockout had an even more 
severe phenotype with most cilia completely ablated. Despite these strong results this 
hypothesis was controversial as it was not known if human kidney cells expressed 
primary cilia, additionally it was believed that PKD related genes localized to the 
endoplasmic reticulum. These doubts were primarily put to rest when Praetorius and 
Spring discovered that kidney primary cilia are mechanosensitive and when they are 
bent by a fluid flow it triggers an influx of Ca2+ into the cell initiating a signaling cascade 
that promotes the replacement of cells and a reduction in cellular size (Praetorius and 
Spring, 2001; 2003).  
 As a result of these works the links between primary cilia and human pathology 
expanded greatly almost overnight. The primary cilium was no longer seen as a passive 
appendage that had to be shed before a cell could enter the cell cycle. Rather this was 
the first study of many that identified cilia as active contributors in human health and 
cellular function. One area where ciliary signaling is especially important is the central 
nervous system (CNS) where it directs neurogenesis, spatial patterning, migration, and 
differentiation.  
 In vertebrates most of the neurons that compose the CNS originate from the 
neuroepithelium which is characterized by proliferating neural progenitor cells that make 
up the neural tube. This developing structure is highly sensitive to cell polarity signals 
that are conveyed through ciliary Sonic hedgehog signaling (Shh) as they guide 
asymmetrical cell division that is responsible for neurogenesis, neural positioning, and 
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cell differentiation (Taverna et al., 2014). Under normal non-stimulated conditions the 
GPCRs GPR161 and PTCH1 localize to the ciliary membrane where GPR161 is 
constitutively active And PTCH1 repels SMO from entering the cilium. In this active 
state GPR161’s Gαs subunit dissociates and binds with adenylyl cyclase to catalyze the 
release of cAMP. This secondary messenger in turn activates protein kinase A (PKA) to  
phosphorylate the SUFU protein complex. When active, SUFU sequesters Gli 
transcription factors to the ciliary tip and represses them (Matteson et al., 2008). If Shh 
ligands are present to activate the pathway they bind to PTCH1 causing it to evacuate 
out of the cilia, allowing the GPCR SMO to localize to the ciliary membrane. SMO then 
represses GPR161 causing a decrease in cellular cAMP and the inactivation of PKA. 
This causes the SUFU complex to release the Gli3 transcription factor which will 
migrate to the nucleus and promote downstream targets (Rohatgi, 2007; Sasai and 
Briscoe, 2012).  
Gli transcription leads to a graded expression of morphogens and this gradient 
provides the spatiotemporal information to guide proliferation and differentiation. This is 
particularly important for development of the ventral neuroepithelium which will 
differentiate into five progenitor domains with distinctive neuronal subtypes based on 
this morphogen gradient (Ericson et al., 1997). Due to the role that primary cilium play in 
this process mutations in genes that effect ciliary structure (such as the TULP3/IFT-A  
complex that transports GPR161) can lead to aberrant Shh signaling that interrupts 
neuroepithelial patterning and can cause excess growth of the floor plate and 
progeniture cells (Ocbina et al., 2011; Qin et al., 2011). Mutations resulting in severe 
disruption of Shh signaling, such as mutations of IFT144 (a component in the IFT-A 
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complex) can cause more sever developmental defects such as spina bifida (Liam et 
al., 2012). Ablation of GPR161 itself has even more severe effects, causing mid 
gestation lethality due to extensive craniofacial abnormalities and open forebrain 
regions (Mukhopadhyay et al., 2013).  
Primary cilia mutations can also impact neurogenesis in a Shh independent 
manner. The ciliary specific regulatory GTPase ARL13B has been found to essential for 
development of the forebrain where it interacts with β-catenin to establish a polarized 
radial glial scaffold and establishes a laminar organization of neurons in cerebral cortex. 
Ablation of ARL13B using a Foxg1-driven Cre caused an inversion of the apicobasal 
polarity of the radial glial scaffold, causing the location of the progenitor zone to develop 
on the outer part of the cortex instead of the inner (Higginbotham et al., 2013). ARL13B 
ablation has also been seen to inhibit neuronal migration. In wildtype mice Interneurons 
originate from the medial ganglionic eminence and then migrate along a tangential path 
in the cortical plate, ending their journey either at the marginal zone or intermediate 
zone before differentiating into GABAergic neurons (Guo and Anton, 2014). However 
when ARL13B was ablated interneurons failed to migrate and resulted in an aberrant 
accumulation of interneurons at their first tangential path and an abnormal density on 
interneurons in the postnatal cortex (Baudoin et al., 2012). 
These studies collectively show that primary cilia ablation causes deficiencies in 
neural proliferation, migration, and differentiation. However they only examine the 
physical morphologies as outcomes of cilia ablation and do not address if disrupted cilia 
signaling effects intraneuronal connectivity and signaling function. To do this Guo et al., 
2017 crossed the Nkx2.1-Cre line, which expresses Cre in the medial ganglionic 
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eminence (MGE) and preoptic area, with a floxed ARL13B mouse line. This allows for 
the specific targeting of GABAergic interneurons and causes ablation of ARL13B in 
parvalbumin+ (PV+) and somatostatin+ (SST+) interneurons in the striatum. This 
deletion of ARL13B led to a shortening of primary cilia, a reduction in axonal length, and 
a reduction in the density of synaptic boutons on the axon. Functionally this disabled the 
primary cilium from calcium signaling which ultimately caused a reduction in the 
amplitude and frequency of miniature inhibitory and excitatory post synaptic currents. 
These post synaptic currents help modulate neuronal activity by making a neuron more 
or less likely to fire an action potential and Guo’s findings indicate that neurons in a cilia 
ablated mouse model are less likely to respond to natural stimuli. Guo et al., 2017 then 
crossed Nkx2.1Cre; ARL13Blox/lox with a mouse line that genetically over-expresses the 
ciliary somatostatin receptor SSTR3. While this did not restore ciliation it did rescue the 
wildtype axonal phenotype, restoring both the average length and synaptic bouton 
density. SSTR3 overexpression also restored calcium signaling to the cilium and 
increased miniature post synaptic currents to wildtype levels. This indicates that ciliary 
localized GPCR receptors are necessary for interneuronal connectivity and 
spontaneous neural activity, and the cilium structure itself is less necessary. Prior to this 
study primary cilia were only believed to regulate neuronal function through their role in 
neurogenesis and development, and that any mental and cognitive deficiencies were 
caused by physical differences in the neuroarchitecture. However, this study gave some 
of the first evidence that ciliary GPCR signaling plays a role in spontaneous neuronal 
activity and function.  
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The many signaling pathways that operate through primary cilia have been seen 
to be essential to human neurodevelopment and any disruptions to the ciliary structure 
that impairs these pathways can be detrimental to human health. As the number of 
genes linked to human disease began to grow these conditions caused by ciliary 
dysfunction were termed “ciliopathies”. Among these diseases neurological defects are 
Ciliopathy Disease linked genes Neurological phenotypes
Joubert syndrome AHI1, ARL13B, C5orf42, CC2D2A, CEP41, Molar tooth sign,
CEP290, EXOC8, INPP5E, KIF7, NPHP1, oculomotor apraxia,
OFD1, PDE6D, RPGRIP1L, TCTN1, TCTN2, encephalocoele,
 TCTN3, TMEM67, TMEM138, TMEM216, intellectual disability,
TMEM231, TMEM237, TTC21B, ZNF423 ataxia,
retinal dystrophy,
corpus callosum hypoplasia
Meckel syndrome B9D1, B9D2, CC2D2A, CEP290, Encephalocoele,
MKS1, NPHP3, RPGRIP1L, posterior fossa defects,
TMEM67, TMEM216, TMEM237, TCTN2 hydrocephalus,
corpus callosum hypoplasia,
perinatal lethality





Bardet–Biedl syndrome ARL6, BBS1, BBS2, BBS4, BBS5, BBS7, intellectual disability,
BBS10, BBS12, CCDC28B, CEP290, retinal dystrophy,
MKKS, MKS1, LZTFL1, PTHB1, SDCCAG8, hydrocephalus,
TMEM67, TRIM32, TTC8, WDPCP
Acrocallosal syndrome KIF7, GLI3 Intellectual disability,
corpus callosum agenesis






Pallister–Hall syndrome GLI3 Hypothalamic hamartoma
Greig cephalopolysyndactyly syndrome GLI3 Intellectual disability,
hydrocephalus
Table 2: Ciliary genes in brain ciliopathies  
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one of the most common phenotypes which highlights the critical importance of ciliary 
signaling in central nervous system development and function (Table 2).  
Of these conditions Joubert syndrome (JS) is one of the most heavily 
documented. This disease is highly heterogeneous in its pathology, both autosomal and 
X-linked recessive variations have been documented, and 22 different genes have been 
identified that can independently cause JS (Poretti et al., 2011). Despite the diversity of 
these genes all of them localize to the ciliary TZ zone and are involved with the active 
transport of proteins into the ciliary compartment. These mutations interrupt Shh 
signaling during early development and can result in intellectual disability, neonatal 
hypotonia, oculomotor apraxia, ataxia, and neonatal breathing abnormalities. The 
defining feature of JS is a distinctive midbrain and hindbrain malformation known as the 
“molar tooth sign”. This deformity resembles a tooth on axial brain MRI sections caused 
by a thickened and malformed superior cerebellar peduncles, hypoplasia of the 
cerebellar vermis, and a deep-set interpeduncular fossa. Of the traditional ciliopathies 
JS is the most common with an estimated incidence of 1/80,000-1/100,000 live births 
(Romani et al., 2013).  
Interestingly there is a concurrence between JS and Autism spectrum disorder 
(ASD), with ~40% of JS patients also being diagnosed with ASD and is in part caused 
by shared utilization of the FXS and AHI1 genes (Holroyd et al., 1991; Ozonoff, 2016). 
FXS encodes the fragile X mental retardation protein (FMRP) and is the most common 
monogenic cause of autism spectrum disorder (Antar et al., 2004). FXS is an mRNA-
binding protein expressed in the cell body, dendrites, and postsynaptic spines of 
neurons. Silencing this gene leads to a range of developmental deficits, including 
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intellectual disabilities and cognitive impairment (Lee et al., 2011). A genetic knockout 
mouse line of FMR1 (the murine homologue for FXS) was found to display phenotypes 
similar to symptoms in the human ASD, including cognitive deficits, hyperactivity, 
increased repetitive behaviors, and social deficits. Functionally, FMR1 KO mice were 
shown to have reduced neuronal differentiation and dendritic complexity in postnatal 
newborn neurons in the dentate gyrus (DG) causing them to lose synaptic strength and 
develop hippocampal-dependent learning and memory deficits (Luo et al., 2010; Guo et 
al., 2011). These symptoms may be mediated by ciliary signaling as FMR1 KO mice 
have reduced ciliation in the DG. This ciliation is time dependent with older mice 
showing a larger delta between WT and KO ciliation. FMR1 KO mice also have reduced 
neural progenitor cell proliferation in the DG which behaves in an identical and linked 
manner to the time dependent changes in ciliation (Lee et al., 2020). While this provides 
strong evidence for the role of primary cilia in adult neural function, further research will 
have to be performed to confirm the role of the cilium in FXS function. Ideally using 
genetic and pharmacological means to stimulate downstream targets of ciliary signaling 
to attempt to rescue the WT phenotypes in FMR1 KO mice.  
Conversely, the role of AHI1 in ASD and JS has proved to be much more difficult 
to elucidate. Multiple genome-wide association studies, SNP sequencing, and twins 
studies have linked AHI1 with both ASD and JS but the molecular function and target of 
AHI1 are still unknown. The domain structure suggests that it functions as a signal 
transducer, likely impact Shh signaling, but genetic models need to be developed to 
further facilitate research (Jiang et al., 2002). 
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Bardet–Biedl syndrome (BBS) is a similarly well documented disorder which is 
best characterized by intellectual disability, obesity, polydactyly, renal abnormalities, 
and retinal dystrophy. Depending on the severity some patients may also have poor 
motor coordination. There are 17 different genes that have been linked with BBS and all 
of them are integral to the BBSome protein complex (Nachury et al., 2007). This 
structure localizes to the ciliary side of the TZ and is involved with the transport of 
transmembrane proteins as it binds them to the IFT-train so they can be ferried to 
different regions of the ciliary membrane. Mutations in these BBSome proteins often 
leads to an accumulation of receptors at the basal body, causing a mislocalization of the 
Shh receptors PTCH1 and GPR161. In BBS patients this can impair Shh signaling 
during development and cause hydrocephalus and a reduction in hippocampal volume 
(Zhang et al., 2012). 
The Orofaciodigital syndromes (OFDs) are a group of 13 ciliopathies 
characterized by orofacial and digital abnormalities. These rare conditions are not well 
understood but they are characterized by tongue nodules or lipomas, hyperplastic 
frenula, cleft palate or lip, hypertelorism, wide nasal bridge, bifid tongue, dental 
irregularities such as missing teeth, and polydactyly (Gurrieri et al., 2007). In addition to 
congenital birth defects OFD also causes neurological ailments including agenesis of 
the corpus callosum, hydrocephalus, intracerebellar cysts, and cerebellar agenesis. In 
addition, these patients usual have cognitive impairment and delayed learning (Holub 
and Bodamer, 2005). Due to its rarity the genetic and molecular underpinnings of OFD 
are not understood, however some progress has been made in understanding OFD 
syndrome type I. This syndrome is an X-linked recessive disorder that is often fatal for 
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males and homozygous females. Heterozygous females can display a spectrum of OFD 
defects and it is believed that these variations are caused by mutations that alter OFD1s 
ability to bind C5orf42 and KIF7. Current evidence suggests that this complex aids in 
the transportation and localization of IFT proteins to the ciliary gate. Disruptions in these 
genes can lead to a shortening of primary cilia, attenuating Shh signaling and leading to 
altered cell polarity (Lopez et al., 2013; Klein et al., 2013; Bisschoff et al., 2013). 
C5orf42 has also been linked to OFD syndrome type VI, this OFD often portrays more 
severe phenotypes including formation of the “molar tooth sign” that is normally found in 
JS patients (Poretti et al., 2012).  
One similarity that many ciliopathies have in common is cognitive impairment 
(Table 2). While traditionally this has been attributed to the disruption of ciliary localized 
signaling pathways during early neurogenesis. There is growing body of evidence that 
primary cilia support memory formation and quotidian neural function through regulation 
of adult neurogenesis in the hippocampus. Contrary to common believe, the brain 
needs to generate new neurons throughout its life to encode for new memories. This 
neurogenesis happens in the subgranular zone (SGZ) of the dentate gyrus (DG) in the 
hippocampus and is directed by ciliary signaling (Rohatgi and Scott, 2007). When 
primary cilia were selectively ablated from neural stem cells (NSCs) of the SGZ using a 
conditional IFT20 mouse knockout line there was a significant decrease in NSC 
proliferation. After 8 weeks this reduction in NSCs also led to a reduction of newborn 
progeniture cells in the DG as there were fewer cells migrating out of the SGZ. 
Additionally this  (Amador-Arjona, 2011). This promotion of neural progeniture cells 
(NPCs) and ultimately their recruitment into hippocampal networks is essential for the 
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formation of new memories, especial spatial and contextual based memories (Trouche 
et al., 2009). In IFT20 knockout mice loss of cilia in NSCs led to delayed learning in 
contextual fear tests, and increased fear responses (Amador-Arjona, 2011). The cilium’s 
role in regulating adult neurogenesis in the SGZ has gained a surge of attention in 
recent years as it has been linked to Alzheimer’s disease and may underly the crippling 
decline of new memory formation.  
Alzheimer’s disease is a slowly expanding neurodegenerative process that 
disconnects and destroys neural networks in the hippocampus responsible for memory 
recall and formation. Under normal conditions neurons release nontoxic Aβ monomers 
from the synapse which are kept at safe levels by various clearance mechanisms 
involving the activation of proteases, phagocytosis by microglia, and transportation into 
the blood by LRP1 (Choy et al 2012). But in the aging brains of Alzheimer’s patients the 
Aβ clearing mechanisms start to fail and the accumulating Aβ monomers aggregate into 
toxic oligomers and protofibrils colloquially known as Aβ-plaques, which drive the onset 
of the pathology. This process begins in the entorhinal cortex as well as the dentate 
gyrus and can begin 30-40 years before the onset of symptoms (Li et al., 2010).  
Current research indicates that the tragic colocalization of the GPCRs p75NTR, 
SSTR3, and 5-HT6R to neuronal primary cilia in the SGZ may form a perfect storm in 
Alzheimer’s patients to facilitate the progression of neurodegeneration. p75NTR is a 
neurotrophin receptor that localizes to the primary cilium of granule neurons in the 
dentate gyrus Chakravarthy et al., 2010). Under normal conditions Brain-Derived 
Neurotrophic Factor (BDNF) is the natural ligand of p75NTR and activates tyrosine 
kinases to promote cell death through apoptosis. However, it has been found that Aβ 
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peptides competitively bind to and can activate p75NTR. In mouse models aberrant 
activation of p75NTR has been found to cause increased cell death in the hippocampus 
and a reduction in volume of the DG (Bamji et al., 1998; Tanaka, 2016). It is believed 
that in Alzheimer’s this leads to increased death of NPCs in the hippocampus, gradually 
reducing the brains’ ability to form memories over time. This hypothesis would also help 
to explain the exponential progression of Alzheimer’s, as at first low additional levels of 
Aβ-peptides could be maintained to normal physiological levels, not altering p75NTR 
signaling. But the further the disease progresses and the more Aβ-peptides are 
produced, the more p75NTR signaling will be augmented. Resulting in a vicious cycle of 
accelerating neuronal death.  
New research has linked SSTR3 to Alzheimer’s and has identified that it may 
have a contributing role this degenerative process. SSTR3 is a ciliary bound GPCR 
found in hippocampal neurons and has been found to be essential for memory 
formation. Despite its localization to cilia, genetic knockout of SSTR3 does not ablate 
neuronal primary cilia, additionally it does not cause any neuromorphological 
abnormalities. Indicating that SSTR3 does not play a role in developmental signaling 
pathways. However, ablation of SSTR3 impairs novel object recognition, object 
relational mapping, and spatial recall (Einstein et al., 2010). Additional studies found 
that treating wildtype mice with the SSTR3 agonist ACQ090 impaired recall of familiar 
objects, reduced cellular cAMP, and suppressed long term potentiation (LTP) in 
hippocampal CA1 neurons (Einstein et al., 2010). Due to SSTR3s role in new memory 
formation and its colocalization with p75NTR in hippocampal neurons it is likely that 
p75NTR induced cell death reduces somatostatin signaling in the hippocampus, 
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contributing to the cognitive deficits of Alzheimer’s by blocking the formation of new 
memories. It has also recently been found that SSTR3 directly interacts with Aβ-
peptides and actively promotes Aβ plaque aggregation, further implicating the significant 
role of SSTR3 in Alzheimer’s pathology (Solarski et al., 2018).  
Another ciliary GPCR, the serotonin receptor 5-HT6R, has long been implicated 
with Alzheimer’s as several studies have shown that individuals with the C267T allele of 
5-HT6 have increased risk of AD (Tsai et al., 1999). While at this time it was known that 
serotonin signaling was involved in memory formation the mechanisms behind it were 
still unknown and there was no research linking 5HT6Rs role in memory with 
Alzheimer’s pathology (Bos et al. 2001; Wooley et al., 2001; Meneses, 2001). In 2017 
Hu et al. found the surprising discovery that APP/PS1 mice, a prominent mouse model 
for early onset AD, had elongated cilia and phenotypes similar to 5-HT6R 
overexpression mouse lines. Curious about this finding, they developed 13 transgenic 
expression plasmids that each contained a different 5-HT6R mutation that has been 
reported in humans. They found that in primary cultures both APP/PS1 and 5 of the 13 
mutant plasmids caused 5-HT6R overexpression and elongated cilia. And that 5-HT6R 
overexpression prevented the ciliopathy linked gene ARL13B from localizing to cilia, 
reduced dendritic arborization, and shortened the axon initial segment which is the 
region responsible for initiating action potentials. APP/PS1 mice also showed impaired 
spatial learning in the Morris water maze test but this cognitive impairment as well as 
AIS shortening was able to be reversed with treatment of the 5-HT6R agonist 
SB271046 (Hu et al., 2017). To verify that these findings were not due to SB271046 
binding to off target receptors, these experiments were repeated using siRNA of 5-
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HT6R instead of SB271046 to reduce serotonin overexpression. 5-HT6R siRNA was 
found to have the same impact as serotonin antagonists. Reversing cognitive decline, 
and rescuing dendritic arborization and AIS length. This research not only help us 
understand the neuropathology of ciliary serotonin signaling in AD but has also 
identified a possible therapeutic target for AD treatment. While 5-HT6R modulation does 
not affect Aβ plaque aggregation, it may preserve patient memory. 
After a century of being described as “incredibly thin feet”, the cilium emerged as 
a key to cell division through its connection to the centrosome. After another 50 years of 
dormancy it became known as a nexus for cellular signaling and an emerging player in 
human health after Greggory Pazour linked the cilium to Polycystic Kidney Disease. In 
the 20 following this discovery cilia have become implemented in a swath of diseases 
from macular degeneration, obesity, and developmental syndromes. To advanced and 
highly heterogenous neurological diseases including depression, autism, and 
Alzheimer’s.  
This field has continued to grow, facilitated by rapid advances in biological and 
computer technologies. And there is now a strong body of evidence that has uncovered 
the cilium’s role in early neurodevelopment, adult neurogenesis, memory formation, and 
cognition in disease models. One new niche of the cilium story that is currently 
developing is the relationship between adenylyl cyclase 3 (AC3) and ciliary mediated 
functions. AC3 has been linked to major depressive disorder and obesity through 
several genome wide association studies, however its molecular pathology in these 
diseases has remained elusive (Wray et al., 2012; Cousminer et al., 2013). AC3 was 
originally isolated in the olfactory cilium of mice where it is stimulated by olfactory G-
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proteins to catalyze the conversion of adenosine triphosphate (ATP) to 3',5'-cyclic AMP 
(cAMP) and pyrophosphate. cAMP then triggers CNG ion channels to open causing an 
influx of Na+ and Ca2+ and an efflux of Cl-. This rapidly increases the olfactory neurons 
membrane potential causing it to release an action potential into the brain that codes for 
a specific smell (Wong et al., 2000). It was not until the release of commercially 
available AC3 immunohistochemistry antibodies by Santa Cruz Biotechnology that AC3 
was discovered to be expressed in neuronal primary cilia throughout the brain. Ablation 
of AC3 causes reduced neuronal activity, altered sleep patterns, and depression-like 
phenotypes in a knockout mouse line (Chen et al., 2016). AC3 KO mice were also found 
to lack novel object recall, have delayed extinction of contextual memory, and impaired 
temporally dissociative passive avoidance (Wang et al., 2011).  
The mechanisms behind these impairments are not known and it was initially 
hypothesized that AC3 was being stimulated by the GPCR SSTR3 to release cAMP and 
encourage neural stem cell proliferation in the hippocampal SGZ.  This hypothesis was 
based off the functions of FXS in Autism and SSTR3s in Alzheimer’s disease (both 
discussed earlier in this chapter). However, this hypothesis was mostly disproved when 
the Storm group found that AC3 ablation does not reduce cell proliferation in the SGZ 
(Luo et al., 2015). The current hypothesis is that AC3 mediates memory formation 
through direct electrical stimulation of the cell, in a manner similar to its function in the 
olfactory system. But this research is yet to be undertaken so AC3s role in memory 
formation remains a mystery. Elucidating this role will once again expand the ciliary field 
into a new direction as primary cilia have previously only been seen to impact memory 
formation in severe disease models, where as AC3 knockout mice show memory 
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impairment with very few other phenotypes indicating that primary cilia play a role in 
routine neural function and synaptic transmission independent of morphological defects 
or disease.  
In this study I have used 24-hour continuous EEG/EMG recordings of a 
conditional IFT88 knockout mouse line that lack neuronal primary cilia to attempt to 
begin to unveil this mystery. From these recordings I have looked at sleep patterns, 
brain activity power, and phase-amplitude coupling (PAC) to characterize the functional 
impacts of ciliary ablation on neural activity. AC3 ablation has been shown to alter sleep 
patterning and reduce neural activity in a conditional knockout line. However, it is not 
known if IFT88 KO mice share these impairments. Additionally it is believed that IFT88 
will have a larger impact on neural activity due to its more severe ablation of cilia than 
AC3, which will aid in the statistical analysis of these complex waveforms. Phase-
amplitude coupling is the harmonization of peak amplitude periods between waves of 
different frequency (Canolty et al., 2006; Lisman and Jensen, 2013; Bergmann and 
Born, 2018). This synchronization of oscillations causes a sudden magnification of 
electrical power than aids in depolarization and long-term potentiation, which are critical 
for memory formation and processing in the hippocampus (Figure 3.1). The high-power 
bursts that characterize phase-amplitude coupling have been seen to be squandered in 
human EEG studies of patients diagnosed with depression (Li et al., 2016). If IFT88 
shows a similar phenotype it may elucidate how ciliary function regulates electrical 
activity and neural transmission. As well as expand our understanding of how major 





Figure 3.1 Phase-amplitude coupling. A. Synchronization of slow wave (4-8Hz) and 
high wave (30-100Hz) brainwaves causes a harmonization of power that can trigger fast 
action spiking. This spiking triggers an influx of Ca2+, depolarizes the cell, and leads to 
strengthening of synaptic connections to promote long-term potentiation. B. When in 
phase, PAC is characterized by the formation of harmonic Morlet wavelets. In a polar 
histogram this can be quantified by a directional mean vector angle and mean vector 
length (red bar) which illustrate synchrony of the data set. C. When waveforms are not 
in phase they counteract each other, resulting in a lack of power and non-directional 











Cilia ablation alters sleep bout patterns in IFT88 KO mice. 
Sleep disturbances including light sleep, shifts in sleep architecture, and 
increased rapid eye movement cycles are common phenotypes of major depressive 
disorder (MDD) and have been observed in a transgenic AC3 knockdown mouse model 
for depression (Palagini et al., 2013; Chen et al., 2016). To observe if IFT88 ablated 
mice have similar sleep phenotypes to AC3 ablated mice, 24-hour EEG/EMG 
recordings were captured, manually scored, (Figure 3.2), and analyzed for alterations in 
sleep patterning. On a percentage basis IFT88 KO mice spent no more or less time 
awake, in restful non-rem sleep, or in rem sleep than their wild type littermates. 
However the average length of their non-rem sleep bouts and wake bouts increased 
significantly and almost doubled in length (p=.0454 and p=.0179). In addition to 
spending longer stints sleeping, these mice were also significantly less likely to be 
aroused from sleep, showing an 82% decrease in arousals from deep non-rem sleep 
(p=.0024) and an 86% decrease in arousals from REM sleep when in the light cycle. 
These observations also carried over into the dark cycle, traditionally when mice spend 
much less time sleeping, with these mice also showing over an 80% decrease in 
arousals from deep sleep (p=.0459) (Figure 3.3). 
IFT88 KO mice have reduced EEG waveform activity. 
 AC3 knockout mice exhibit impaired neural activity, with a reduction in brain 
wave power similar to what has been observed in human EEG recordings. (Shestyuk et 
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al., 2003; Zhang et al., 2018). To characterize if IFT88 mice share this pathology the 24-
hour EEG/EMG recordings were filtered to remove the DC offset as well as line current 
and then further processed in MATLAB to generate power spectrum density plots 
(PSDs). Inducible IFT88 KO mice have a broad reduction in brain power across the 
spectrum as well as a reduction in peak power during wake (p=.0171) and non-REM 
(p=.0341) mental states. More specifically, they lost approximately 47% of their power 
potential in the slow-wave delta-theta bands when in the awake state (p=.0013 for 
activity below 8Hz). When in non-REM and REM sleep the low wave power potential 
was not disrupted but instead there was a roughly 30% decrease in alpha and beta 
wave activity (Figure 3.4).                                                                                               
Cilia ablation leads to attenuation of theta-gamma phase-amplitude coupling 
Recent emerging studies have found that the theta and gamma bandwidths of 
brain activity are not isolated and that synchronization across bandwidths has been 
implicated in cognition and mental function (Scholvinck et al., 2013; Tewarie et al., 
2015). It has also been observed that oscillations between different frequency bands 
are not isolated and interact with each other through modulation. Multiple forms of this 
cross-frequency coupling (CFC) have been observed. However, phase-amplitude 
coupling (PAC) is the most studied form of cross-frequency coupling and is believed to 
be responsible for the integration of signals between different brain regions (Vanhalto et 
al., 2004; Canolty et al., 2010). In particular, slow-theta-to-gamma phase–amplitude 
coupling in the human hippocampus has been found to support the formation of new 
episodic memories. However this cross-frequency coupling is disrupted in many 
patients that suffer from neurological diseases (Ozkurt and Schnitler, 2011; Kirihara et 
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al., 2012; Kessler and Rippon, 2016). To quantify theta-gamma phase-amplitude 
coupling in IFT88 ablated mice I first used Canolty’s mean-vector length modulation 
index (MVL-MI) method. This method estimates PAC from a signal of length N, by 
combining phase and amplitude information to create a complex-valued signal: faei(ϕfp) for 
every time point. This generates a table of vectors and if the resulting probability 
distribution function is non-uniform, it suggests coupling between the phase frequency 
(fp) and the amplitude frequency (fa), which can be quantified by taking the length of the 
average vector (Canolty et al., 2006). When this method was applied it our data it was 
found that IFT88 deficient mice had impaired theta-gamma PAC both when awake 
(p=.0071) and when in non-REM sleep (p=.0327). This is evident by the reduced mean 
vector length in both of these signals (p=.0093 and p=.0424) as well a 90° shift in the 
phase angle across all states (p= .0366, .0383, .0415) (Figure 3.5).   
However, MI-values from the MVL-MI-Canolty algorithm have been shown to 
partly reflect the power of fa oscillations, rather than the coupling strength between fp 
and fa. To reinforce our conclusions we applied a MI algorithm from Özkurt and 
Schnitzler (2011) which includes a normalization factor that corresponds to the 
oscillatory power of fa. This method has also been seen to be more resilient to noise, 
which is preferential for EEG data that often has a higher signal to noise ratio than other 
electrophysiological recordings. Using this method I also found reductions in theta-
gamma PAC strength during awake (p=.0085) and non-REM (p=.0372) activity that are 
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consistent with our MVL-MI-Canolty based results (Figure 3.6). These findings suggest 
that the observed reduction in cross-frequency coupling is directly caused by the 
genetic ablation of the ciliary gene IFT88 and is not due to electrical noise or variance. 
Figure 3.2: Manual scoring of mouse EEG/EMG electrophysiological recordings. 
24-hour recordings were scored in Sirenia Sleep 1.0.3 by comparing EEG to EMG 
signal strength to identify clusters of Wake, Non-REM, and REM data. The recordings 
were then manually curated in 10 second epochs to correct cluster scoring. The WAKE 
state is characterized by activity in the occipital lobe (EEG1), high frequency-low 
amplitude activity in the frontal lobe (EEG2), and by high levels of EMG activity. While 
asleep mice lack EMG and occipital lobe activity. The non-REM state is identified by low 
frequency/high amplitude brain waveforms. Whereas REM sleep is differentiated by 




Figure 3.3 Bout analysis of IFT88 KO mouse sleep activity. A. Ablation of primary 
cilia in IFT88 lox/lox; Ube-Cre/ERT2, tamoxifen-inducible IFT88 knockout appears to 
alter light cycle sleep patterns of mice through a reduction of time spent awake and an 
increase of time spent in non-REM sleep however these differences are not statistically 
significant (p=.0676, .0773) B. Average duration of wake and non-REM bouts was 
significantly increased (p=.0454, .0179 respectively) in the light daytime cycle. C. 
Inducible IF88KO mice were found to sleep more soundly than their WT littermates as 
they were aroused from non-REM (p=.0024) and REM (p=.0342) sleep far fewer times 










Figure 3.4: IFT88 KO have reduced EEG power over a broad spectrum. A. Power 
spectrum density plots of EEG waveform power broken down by frequency ranges. 
Delta = 1 – 4 Hz, Theta = 4 – 8 Hz, Alpha = 8 – 13 Hz, Beta = 13 – 30 Hz, Gama = 30 – 
50 Hz. Overall EEG waveform activity was reduced according to the KS test in both the 
wake (p=.0171) and non-REM (p=.0341) states. B. Cumulative distribution plots of A 
showing a general shift in EEG waveform to a lower power. 
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Figure 3.5: Inducible IFT88 ablation shifts EEG activity in a frequency dependent 
manner. A. Decomposition of PSDs reveals that peak EEG power is attenuated in a 
frequency dependent manner. During the awake state, low frequency delta wave activity 
was reduced by 75.1% (p=.0059) and theta wave power was attenuated by 52.8% 
(p=.0013). This response was sleep state dependent as slow-wave power was not 
attenuated in Non-REM and REM sleep. During sleep states only high frequency power 
was impacted. During non-REM sleep alpha and beta wave power was reduced by 
44.2% (p=.0167) and 45.9% (p=.0265). This remained consistent in REM sleep where 
alpha wave power was attenuated 43.9% (p= .0179) and beta wave power by 40.65% 
(p=.0492). B. Density distribution plots of this data illustrate how IFT88 ablation shifts 






Figure 3.6: Inducible IFT88 KO mice have a reduced MVL-Conolty calculated PAC.  
A. Representative polar histograms of modulation index vectors calculated using the 
MVL-MI-Canolty method show strong theta-gamma phase-amplitude coupling in WT 
mice during wake (p<.0001) and non-REM states (p<.0001). This coupling is weak or 
not present in inducible IFT88 KO mice (p>.05). B. Using this algorithm a lower MI 
indicates stronger CFC. This reduction in PAC is quantified by a reduced mean vector 
length in wake (p=.0071) and non-REM (p=.0032) states as well as a 90⁰ shift in their 






Figure 3.7: Theta-Gamma PAC is attenuated after IFT88 ablation.  
A. Representative Heatmaps show phase-amplitude coupling between the theta-high 
gamma frequencies calculated using an adjusted MVL algorithm. Black cursors 
represent peak PAC for each condition. B. This method results in a more accurate PAC 
score for comparing cross phase coupling between EEG/EMG trial subjects. Using this 
method inducible IFT88 KO mice still showed a reduction in theta-high gamma cross 
frequency coupling during wake (p=.0085) and non-REM (p=.0372) states. C. Cross 
phase coupling is highest at the intersection of 8 Hz and 101 Hz in WT mice, this is not 
significantly changed in Inducible IFT88 KO mice indicating that PAC of KO mice is 






The primary cilium is a cellular organelle that projects from the mother centriole 
of most mammalian cells and is responsible for mediating a plethora of signaling 
pathways that are important for cellular division, development, and homeostasis. In the 
past our ability to study these tiny organelles and their functions have been limited by 
methodology, but thanks to molecular and computational advances there has been a 
surge in ciliary research. There are currently already 187 ciliary genes which have been 
confirmed to play an essential role in human health, but this may only be the tip of the 
iceberg as there are at least 241 additional genes which have implicated in human 
disease but are still being studied (Gerdes et al., 2009; Reiter and Lerou, 2017). 
One of these genes currently being studied is adenylyl cyclase 3 (AC3) which 
has been implicated to obesity, major depressive disorder, and autism by human 
genome-wide association studies (Kelley et al., 2008; Wray et al., 2010; Yuen et al., 
2017). Ablation of the AC3 gene in a transgenic mouse model alters sleep patterns, 
reduces brain activity, and results in depression and anxiety like phenotypes in a similar 
manner to what has been observed in human depression patients (Chen et al. 2016). 
This makes the AC3 KO mouse model highly relevant to MDD studies because the 
neurobiological basis of MDD is still not well understood despite its high prevalence in 
America.  
Currently the role primary cilia and adenylyl cyclase 3 play in major depressive 
disorder is not known beyond the phenotypes observed in AC3 KO mice. But these 
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phenotypes show that the primary cilium is essential in normal neuronal function as 
silencing of AC3 results in decreased brain activity, reduced synaptic activity in the 
hippocampus, impaired long-term potentiation, and memory deficits. It is hypothesized 
that AC3 directly regulates neuronal activity and function through the cAMP signaling 
pathway in a manner similar to what has been observed in the olfactory epithelium. 
Here, AC3 is found on the membrane of specialized olfactory cilia and is an important 
mediator in olfaction. In this system when AC3 is bound by stimulatory G proteins it 
releases cAMP to open CNG ion channels causing an influx of Na+ and Ca2+ and an 
efflux of Cl-. This ion exchange depolarizes the olfactory neuron and causes it to fire an 
action potential that is responsible for the sense of smell (Wong et al., 2000).  
It is hypothesized that AC3 may function in the adult brain in a similar manner, 
and that stimulation of AC3 directly alters membrane potential to moderate neuronal 
function. However, this hypothesis has been difficult to prove due to technical 
limitations. One major limitation to AC3 study is that it is not currently possible to 
selectively activate AC3 using current pharmacological methods. One of the hallmarks 
of AC3 is that it is selectively expressed in neuronal primary cilia, but it is not the only 
AC that can be transported into cilia. AC1,6,7, and 8 have all been detected in primary 
cilia, although they are not exclusive to them (Price and Brust, 2019). The adenylyl 
cyclases are evolutionarily well conserved with high levels of sequence homology, 
especially in the receptor ligand pocket (Hellevuo et al. 1995). This makes it impossible 
to selectively activate AC3 using current pharmaceuticals without activating other 
adenylyl cyclases that could convey their own impact. Compounding this issue is that 
currently known drugs that are used to activate adenylyl cyclases in research (mainly 
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forskolin) have many other targets and generate a “dirty” result. Another limiting factor is 
that AC3 is not believed to completely control neural activity, rather it is believed to 
slightly moderate neuronal activity to make a neuron more or less likely to respond to a 
stimuli. This means that any expected result from an experiment modulating AC3 
activity is likely to be very small and may not be statistically significant due to signal 
noise or natural variance between subjects. 
In addition to the AC3 knockout mouse line, a conditional IFT88 knockout line 
has also been created to aid in ciliary research. IFT88 is essential in the trafficking of 
ciliary proteins and ablation of IF88 causes a more substantial reduction in ciliation and 
knocks out cilia across all cell types, not just neuronal cilia (Portal et al., 2019). This 
total loss of cilia may be beneficial for some research as it may result in a stronger 
phenotype than AC3 mice. This may make IFT88 KOs a better model for neuronal 
research where there can be high variance. However, its usefulness to study MDD is 
not currently known. IFT88 conditional knockout mice have not been characterized to 
see if they have the same neurological impairments as AC3 mice, which is essential to 
determine before using IFT88 as a complimentary model to AC3. In this research I have 
done a 24-hour continuous EEG/EMG study to begin characterizing the 
neuropathological phenotypes of IFT88 ablation.  
Similar to AC3 KO mice, inducible IFT88 KO mice were found to have altered 
sleep patterns, which is also a common symptom in depression patients. However, 
unlike AC3 mice which exhibit an increase in REM sleep, inducible IFT88 KO mice 
display no change in REM sleep but did have an increase in non-REM sleep during the 
light cycle. This result was not statistically significant, probably due to high variance in 
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live subjects coupled with a limited sample size. It is expected that increasing the 
sample size will reduce the standard error and improve these results. The average 
sleep bout lengths of IFT88 knockout mice were significantly longer than WT mice and 
they were aroused from sleep far fewer times, suggesting that IFT88 KO mice are less 
likely to be stirred. This hypothesis is partially supported by our results that IFT88 KO 
mice have reduced brain wave power which reduces the brains’ ability to respond to 
stimuli. This can be dangerous in situations such as anesthesia where it has been seen 
that reducing brain wave activity too severely can be irreversible and cause a comatose 
like state. However further studies should be performed on these mice to explain these 
results as a reduction in physical response due to decreased power would be direct 
support of our earlier hypothesis that cilia can directly modulate neuronal activity. 
Inducible IFT88KO mice also showed state-dependent reductions in neural 
activity. While awake they had no changes in their high frequency beta and gamma 
bandwidths but had a 75% and 52% reduction in slow rhythm delta and theta waves. 
This is interesting because while awake the brain is predominantly active at beta and 
gamma frequencies, indicating that IFT88 KO mice have lost some of the ability to have 
subconscious processes operating in the background while awake. This pattern was 
consistent in sleep states as well, in both REM and non-REM states IFT88 KO mice had 
reduced high frequency activity in the alpha and beta frequencies but no changes in the 
slow frequency delta and theta waves which are the predominate bandwidths during 
rest. This attenuation of brain power in a manner that is opposite of the predominant 
bandwidth for each sleep state may be an important indicator that memory formation 
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and consolidation are impaired in IFT88 mice. If true this would reinforce recent findings 
that IFT88 conditional KO mice have learning deficits in the conditional fear tests.  
To further examine this potential role of cilia in memory formation I analyzed the 
EEG recordings of IFT88 KO mice for cross frequency coupling (CFC). A form of cross 
bandwidth synchronization that is imperative for new memory formation and integration 
of signals between different brain regions (Vanhalto et al., 2004; Canolty et al., 2010). I 
found that phase-phase amplitude coupling (PAC) between the theta and high gamma 
frequencies was impaired while awake and in non-REM sleep of IFT88 mice. While my 
results of altered sleep and reduced brain power could possibly impact neural function 
and memory, they are not strong causative evidence. Whereas PAC, specifically 
between the theta-gamma bandwidths, has a well-established role in memory formation 
and is disrupted in Alzheimer’s and other neurological conditions (Lisman and Jensen, 
2013; Goodman et al., 2018). 
Collectively these results indicate that cilia are important for proper neural 
function as cilia ablation altered sleep patterns, reduced brain power, and attenuated 
theta-gamma PAC. And due to the established role of PAC in memory formation we can 
postulate that IFT88 KO mice will have impaired memory formation, however more 
experiments will have to be performed, such as EEG recordings during memory 
paradigms to observe PAC. These characterizations of an IFT88 KO mouse model are 
also similar to what has been seen in AC3 knockout mice, highlighting it as a 






Aim 1: Identify if ablation of primary cilia in IFT88 conditional knockout mice alters sleep 
patterns. 
Inducible IFT88 KO mice exhibit altered sleep patterns, albeit not in a manner 
consistent with what was observed in AC3 KO mice.  
Aim 2: Characterize EEG waveform activity of IFT88 conditional knockout mice. 
Global ablation of IFT88 reduces EEG power and cross-frequency coupling which is 
associated with normal intraneuronal communication, new memory formation, and 













METHODS AND MATERIALS 
Ablation of IFT88 
Mixed gender IFT88 lox/lox; Ubc Cre/ERT2 mice of roughly two months of age 
were administered with either 75mg/ml tamoxifen dissolved in corn oil, or pure corn oil 
as controls, via oral gavage injection. Mice were treated daily for 7 consecutive days 
and then set aside for 6 weeks before being used for experiments, to allow for full 
genetic silencing and turn-over of IFT88. Mice were monitored after injection and for 24 
hours after their last injection for any signs of discomfort. Any mice having a negative 
reaction or in severe discomfort were euthanized.  
EEG/EMG Surgery 
Mice were anesthetized with an intraperitoneal injection of Ketamine (65mg/kg) 
/Xylazine (13mg/kg) cocktail and placed in a stereotaxic stage (Stoelting). The scalp 
was then opened along the sagittal plane and a 3 pin EEG/EMG headmount (Pinnacle 
Technology). was implanted at bregma. 
EEG/EMG recording 
 After being allowed to recover from surgery for a minimum of one week, mice 
were connected to a 3 channel EEG communicator via a preamplifier cable (Pinnacle 
Technology, Lawrence, Kansas). 24-hour recordings were then acquired at 400 Hz 




Sleep state scoring 
Sirenia Sleep v1.03 (Pinnacle Technology) was used to score activity states in 10 
second epochs using cluster and manual scoring. After scoring time segments of 
different sleep states were manually exported as individual .edf files for use in MATLAB. 
At this point 3 experimental and 2 control mouse files were discarded due to 
abnormalities or lack of signal. 
Signal preprocessing 
Prior to analysis all signals were pre-processed in MATLAB R2020b using the 
open-source plugin Brainstorm v3 (Tadel et al. 2011). Because phase-amplitude 
coupling and density distributions are time dependent all files of wake, non-REM, and 
REM data had to be standardized into a consistent time period. This was done by 
concatenating all individual files for a specific sleep state of an individual into one file 
and then trimming to a standard length. For awake data this was 15,000 seconds per 
animal, non-rem was 10,000 seconds per animal, and REM was 2,000 seconds per 
animal. After concatenation each file was band-pass filtered between 0.5 and 250 Hz 
(Butterworth filter, low-pass order 4, high-pass order 3) and band-stop filtered (59.5–
60.5 Hz; 119.5–120.5 Hz) to remove 60 Hz power-line contamination and its harmonics. 
Power spectrum densities 
PSDs were calculated in Brainstorm using Welch’s method with a 1 second 
window time and 25% overlap. Frequency bandwidths were delta 0.5-4Hz, theta 4-8Hz, 
alpha 8-13Hz, beta 13-30Hz, gamma 30 -200Hz. Significance was calculated using the 
Kolmogorov-Smirnov test.  
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Phase amplitude coupling (PAC) 
 PAC was calculated in the MATLAB plugin EEGLAB v2021.0 (Delorme and 
Makeig 2004). 3-10Hz was the phase frequency used for nesting against a high 
bandwidth of 50-120Hz. Modulation index was calculated using Canolty’s mean-vector 
length modulation index method. 
Phase-sorted amplitude histograms compared using the Kolmogorov-Smirnov test with 
a Bonferroni-Holm correction and a 95% confidence interval. PAC was also calculated 
in Brainstorm using a modified modulation index algorithm that contains a normalization 
factor to correct for oscillatory power. 
Selected Figures 
 Some figures in this text (3.1) were generated using biorender.com. 
Scientific Rigor 
 Initial sample size was n=8 wildtype mice and n=7 IFT88 KO mice of mixed sex 
from similar litters. Due to corrupted files or poor EEG connectivity the data from 3 
wildtype and 2 knockout mice were discarded reducing the sample size to n=5 wildtype 
and n = 5 inducible IFT88 knockout mice. After acquisition labels were anonymized so 
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CONCLUSIONS AND SUMMARY 
PROJECT 1: Adenylyl cyclase 3 in early mouse development 
Our first specific aim for this project was to characterize a conventional AC3 
knockout mouse line and confirm that homozygous pups did not have congenital 
abnormalities. AC3 knockout mice are an invaluable tool for the study of depression as 
they display similar neural impairments and depression like phenotypes to human 
patients. Unfortunately, the use of this model is complicated by the occurrence that AC3 
KO homozygous pups die soon after birth from an unknown cause. This cast doubts on 
the use of this mouse line as a model for depression as cilia ablation has been seen to 
cause a wide array of congenital birth defects from polydactyly to encephalocele, and it 
is possible that the depression like phenotypes observed were caused by a gross birth 
defect. To validate this mouse model for future research we performed necropsies and 
found that AC3 KO mice had normal sizes and weights at birth, had no orofaciodigital 
birth defects, normal lung development, and normal hippocampus patterning.  
Our second aim for this project was to identify the cause of neonatal death in 
AC3 homozygous knockout pups. It was observed that AC3 knockout mice failed to 
feed, as milk spots were not found after feeding and knockout pups quickly became 
lethargic. Ablation of AC3 is known to cause anosmia which is the pups only sense 
other than touch at this young age. This induced anosmia is preventing them from 
identifying their mothers feeding pheromones that direct the pups to the mother’s nipple, 
impairing their ability to feed. At this young age the pups are very frail and after several 
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hours without nourishment they become acutely dehydrated and malnourished, causing 
early neonatal death. 
In summation of this project, Adenylyl cyclase 3 in early mouse development, I 
have characterized the cause of death in AC3 -/- mice and found that its depression like 
phenotypes are not caused by developmental abnormalities. This research supports the 
use of AC3 -/- mice as an additional model to study depression, which will benefit the 
field as the pathology of depression is not well understood despite the frequency of 
diagnosed cases increasing in the United States. 
PROJECT 2: Pharmacological study of primary cilia    
My initial aim for this project was to identify an accessible cell line for neuronal 
primary cilia research. This was necessary as the primary cilium is predominantly 
known for its role in regulating the cell cycle, however, neurons do not divide so the 
cilium’s purpose on these cells is not well understood. Most ciliary research uses 
primary cultured neurons or dividing cell lines derived from kidney, lung, or epithelial 
cells. Neither of these options are ideal because dividing and non-dividing cells have 
starkly different gene expression and physiology. Generating primary cultured neurons 
comes with its own set of problems as it requires access to an expensive animal facility 
as well as highly skilled workers. After screening several cell lines I found that 
differentiated SH-SY5Y has ciliation levels and morphology most similar to neurons of 
those tested. SH-SY5Y is neuroblastoma derived cell line that can be differentiated into 
a non-dividing state, it is also readily available through the ATCC to any research. 
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My second aim was to identify if primary cilia were pharmacologically sensitive to 
antidepressants. Primary cilia have been implicated in major depressive disorder and 
the serotonin receptor 5-HT6R is known to localize exclusively to neuronal primary cilia. 
I not only found that the SSRI class of antidepressant medications interact with cilia and 
alter their morphology, but that they do so in a cell type dependent manner. Dividing 
glial cells were not impacted by 24-hour SSRI treatment whereas differentiated SH-
SY5Y cells and primary cultured cortical neurons had altered ciliogenesis. These 
findings are significant because it shows that cilia physiology is varied between cell 
types and that research discovered in one cell type’s cilia may not be relevant 
elsewhere. Additionally this study is the first evidence to indicate that SSRI have an 
undocumented extra-synaptic target that may play a role in its mechanism of action. 
This knowledge may help guide future therapeutic depression research as current 
treatments for depression are often unsuccessful.  
In conclusion, Chapter 2 has characterized a cell line for neuronal cilia research 
and has identified that the primary cilia of dividing and non-diving cells have unique 
functional properties which may identify primary cilia as a selective target for therapeutic 
treatment. Finally, I have observed an undocumented effect of the SSRI sertraline 
elongating primary cilia, which may help elucidate the full mechanism of action of this 
drug class.   
Chapter 3: Primary Cilia in Brain Activity and Function 
 To compliment ciliary and depression research that is being undertaken in an 
AC3 conditional knock out mouse line, a IFT88 conditional knock out line has also been 
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developed. Where as AC3 is predominantly expressed in neuronal cilia, IFT88 is 
necessary for the formation of all cilia so its ablation leads to a complete knock down, 
potentially inferring a stronger phenotypic result than could be achieved with AC3 KO 
mice. My first specific aim was to identify if IFT88 KO mice had similar sleep pattern 
disruptions as AC3 knock out mice. After performing 24-hour EEG/EMG recordings I 
found that IFT88 ablation altered sleep patterns however not in a manner similar to AC3 
KO mice.  
 My second specific aim was to characterize the general EEG waveform activity of 
IFT88 lox/lox; Ubc Cre/ERT2 mice. Primary cilia are increasingly being linked to neural 
function and it is hypothesized that they share a direct link to neuronal activity through 
the modulation of CNG ion channels. IFT88 KO mice may be an important model for 
studying cilia in neural function but first we must characterize how cilia ablation affects 
the brain. I found that after IFT88 KO mice had reduced EEG activity and that this 
attenuation of power was state dependent. It was also recorded that this reduction in 
waveform power affected dormant brain wave bandwidths more than frequencies being 
actively used. This suggests that cilia are involved with background neural activity, such 
as memory formation and consolidation. This theory is supported by my finding that loss 
of IFT88 expression leads to attenuated theta-gamma phase amplitude coupling. A type 
of cross-phase coupling between brain waves of different frequencies that has been 
found to be necessary in memory formation and neuronal function.  
 Collectively these findings from Chapter 3 may paint one cohesive story; that 
ablation of primary cilia causes a reduction of background neural activity that leads to 
altered sleep and impaired phase-amplitude coupling. While further research needs to 
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be performed to confirm these links this chapter provides evidence that primary cilia are 
involved in neuronal function and signaling outside of disease models. These 
characterizations can also now be used as a baseline for future work going forward.  
 Together Chapters 1, 2, and 3 of this dissertation highlight the importance of 
primary cilia in human health and have expanded our depth of knowledge about 
neuronal cilia by: elucidating the role of adenylyl cyclase 3 in early development, 
characterizing the ability to selectively target neuronal cilia for therapeutic treatment, 








And on that note, goodbye. 
